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Abstract
We use spectroscopy to study infrared optoelectronic inter and intraband semiconductor 
canier dynamics. The overall aim of this thesis was to study both III-V and Pb 
chalcogenide material systems in order to show their future potential use in infrared 
emitters. The effects of bandstructure engineering have been studied in the output 
characteristics of mid-IR III-V laser diodes to show which processes (defects, radiative. 
Auger and phonon) dominate and whether non-radiative processes can be suppressed,
A new three-beam pump probe experiment was used to investigate interband 
recombination directly in passive materials. Experiments on PbSe and theory for non­
parabolic near-minor bands and non-degenerate statistics were in good agreement. 
Comparisons with HgCdTe showed a reduction in the Auger coefficient of 1-2 orders of 
magnitude in the PbSe.
Using Landau confinement to model spatial confinement in quantum dots (QDs) “phonon 
bottlenecking” was studied. The results obtained from pump probe and cyclotron 
resonance saturation measurements showed a clear suppression in the cooling of caniers 
when Landau level separation was not resonant with LO phonon energy. When a bulk 
laser diode was placed in a magnetic field to produce a quasi quantum wire device the 
resulting enhanced differential gain and reduced Auger recombination lowered Ith by 
30%. This result showed many peaks in the light output which occuired when the LO 
phonon energy was a multiple of the Landau level sepai ation. This showed for the first 
time evidence of the phonon bottleneck in a working laser device.
A new technique called time resolved optically detected cyclotron resonance, was used as 
a precursor to finding the canier dynamics within a spatially confined quantum dot. By 
moving to the case of a spatial QD using an optically detected intraband resonance it was 
possible to measure the energy separation interband levels and conduction and valence 
sublevels within the dot simultaneously. Furthemaore this technique has been shown that 
the inhomogeneous broadening of the photoluminescence spectrum is not purely affected 
by just size and composition. We suggest that other processes such as state occupancy, In 
roughing, and exciton binding energies may account for the extra energy.
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Preface
The motivation for this research was undertaken to obtain a better understanding of the 
canier dynamics involved in naiTow bandgap semiconductors, to further the progress of 
infrared emitters, especially in the mid-infrared range. From this and similar research it 
should be possible in the future to produce mid-infrared semiconductor emitters that will 
work at room temperature, high power and with high efficiency.
The first chapter is to give the reader an introduction to the reasons for caiTying out the 
experiments. It gives a basic knowledge of the solid state physics in which to understand 
the experiments. This thesis is concerned with the laser device, but the results on canier 
dynamics should also be beneficial to bandstructure engineering of other solid state 
devices.
The second chapter looks at the dominant recombination mechanisms within III-V 
interband semiconductor lasers. Such devices are synonymous with high canier-canier 
scattering rates due to their naiTOW bandgap and unsymmetrical conduction and valence 
bands. This prevents lasing at room temperature and therefore needs to be suppressed. By 
using spontaneous emission measurements information on the dominant recombination 
mechanism can be obtained. Using this technique we are able to compare InSb bulk with 
more advanced InSb/Ino.9 0 4Alo.o9 6Sb QW lasers at different temperatures.
Chapter 3 examines whether the effects of high earner confinement increases the 
intraband canier lifetime when intersubband level separations is not equal to the LO 
phonon energy, this is the so-called LO phonon bottleneck. This debate has continued 
owing to the stochastic properties of the quantum dot samples that increase the 
complexity in the inteipretation of results. However by placing an InAs/AlSb QW in a 
magnetic field peipendicular to its growth direction a Landau QD is foimed. Therefore it 
is possible to determine how earners would relax through a spatial QD with no stochastic 
properties' .^
t  see publications list xv
Using the analogy between spatial and Landau low dimensional interband lasers we place 
both an InSb bulk and InSb/Ino.9 0 4Alo.o9 6Sb QW laser into a magnetic field. The 
experiments are to show the effects of the LO phonon bottleneck on the performance of 
interband devices to see whether low dimensional lasers would benefit through having 
the intersubband levels separated by levels engineered to be equal to the LO phonon 
energy of the active m aterial.
The motivation for chapter 4 is to examine the possibility of a room temperature (RT) IV- 
VI laser of wavelength range between 3-5|xm. It has been previously reported that Pb salt 
lasers have low electron and hole confinements and low theiTnal conductivity from 
traditionally used naiTow bandgap semiconductors. However these problems can now be 
overcome by bandstructures such as GaSb/PbSe/GaSb reported by Z.Shi. Nevertheless 
such a device would still depend on whether the Auger recombination is low enough in a 
Pb Salts. Therefore we use a pump probe experiment in order to calculate the Auger 
recombination for PbSe to find whether such a RT device is feasible^’.
Chapter 5 looks at the earner transitions within a spatial QD. Very little is known about 
the transitions of electrons in quantum dots (QDs) intrasubband levels. The experiments, 
which have been recorded to date, have almost exclusively used blackbody sources to 
measure a transmission or conductivity change. However, most of these reports have 
shown spectra which are either extremely broad, close to multi-phonon resonances, or 
which have many other unexplained features. As a precursor to measuring transitions 
within spatial QDs, a time resolved optically detected cyclotron resonance technique is 
used on a Gao.8 2Ino.1sAs/GaAs QW, as it is easier to tune the Landau level separation than 
to tune a laser to intersubband levels within a spatial QDs. The inteipretation of the 
results is also easier due to the well-defined transitions, which are not affected by 
stochastic properties.
However we also investigate the earner transitions in a self assembled InAs/GaAs spatial 
QD to investigate the mechanisms that maybe involved in the inhomogeneous broadening 
of the photoluminescence spectrum. Our experiment uses a two-colour technique. Where
Î see publications list xvi
a HeNe laser excites electrons from the valence band and a far-infrared Free Electron 
laser induces a population transfer from the lowest subband to the next. The excitation is 
observed by measuring a change in the recombination efficiency of the electrons with 
photogenerated holes^ "^ ’^ .
The last chapter summarises the results of the thesis and shows what work lies ahead to 
make further progress into the knowledge of canier dynamics.
t  see publications list xvii
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Introduction
1.1 MiWnfrared Applications
The mid-infrared (MIR) electromagnetic wavelength range is approximately 3-20p.m, 
This wavelength range is very important in the development of many different types of 
applications. Some of the applications are:
• Freespace communications for data transmission, using the atmospheric absorption 
windows in the 3-5jxm and 8-I3pm wavelength range [Heber 2000]. MIR is less 
sensitive to scattering centres in the atmosphere such as fog, smog and dust particles 
and therefore microwave links would be replaced by MIR systems which are 
directional and easily focussed.
• Medical applications such as the use of lasers in neuro and thoracic (chest) surgery, 
non-invasive glucose monitoring (i.e. diabetics) and in deiTnatology are of particular 
importance where in the wavelength range of lO.bjiim (detemiined by CO2 laser not 
necessarily the application) vapoiisation is used in the removal of tissue. This is very 
accurate and has low penetration depth. Other wavelengths not available with 
conventional surgery may have useful applications here too.
• Gas sensing utilises the absoiption of MIR light for detecting many atmospheric 
pollutants and greenhouse gases. Again the two atmospheric windows in the MIR are 
of particularly importance.
• Spectroscopy and night vision goggles aie also of high importance with regards to 
organic chemistry and security respectively.
Unfortunately to utilise the many applications for commercial purposes, the emitting 
devices in this range need to be cheap, small, efficient, require low maintenance, high 
power output, and work at room temperature (RT). At the moment MIR room 
temperature lasers are large (CO2 , CO, Nd:Yag or dye laser) and very expensive. 
Alternatively semiconductor lasers need cooling (exception being quantum cascade 
laser). However semiconductor technology aims to change this and make the devices 
small, cheap, requiring little maintenance, be very flexible and work at room temperature. 
Unfortunately MIR semiconductor materials have many non-radiative processes which 
become more prevalent at higher temperatures, and these processes therefore need to be 
suppressed in order to enhance radiative transitions and that is the subject of this thesis.
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The following looks at how a laser works before moving on to discuss how these non- 
radiative processes affect semiconductor lasers.
1.2 Brief history and basic semiconductor laser theory
The practical implementation of Einstein’s published paper [Einstein 1917] on stimulated 
emission came in the foim of the maser (microwave amplification by stimulated 
emission) by Townes and Gordon in April 1954, much to the disbelief of many highly 
respected physicists including Niel Bohr who exclaimed "But that is not possible" 
[Townes 1999]. Maiman expanded the wavelength range into the optical with the Ruby 
laser on the 16 May 1960. Unfortunately Physics Review Lett, rejected his report Iting 
their objection that it was just another maser paper, and so the paper was not published 
until August 1960 in Nature [Maimen I960]. Bernard and Duraffourg [Bernard 1961] in 
1961 set out the conditions necessary for stimulated emission in semiconductors by using 
quasi Fermi levels. They concluded that for stimulated emission in lasers the criteria 
Eg< Ey - EJ needed to be satisfied, where Eg is the bandgap andE^, Ey are the quasi Feimi 
energy levels of the conduction and valence bands respectively. In 1962 three groups 
almost simultaneously reported that they had produced laser action from semiconductors 
[Nathan 1962, Hall 1962, Quist 1962]. Since 1962 there have been many major 
breakthroughs in semiconductor lasers which will be briefly listed: AlGaAs/GaAs double 
heterostructure laser diode (continuous wave (cw), 300K) by the Ioffe Institute, Bell Labs 
(1970); 1976 GalnAsP/lnP double heterojunction laser diode at 1.2pm (cw, 300K) 
Lincoln Labs; InGaAsP/lnP quantum well laser, Urbana University (1977); InGaAsP/lnP 
VCSEL (vertical cavity surface emitting laser, pulsed operation 77K) Tokyo Institute of 
Technology (1979); InGaAs/AllnAs/lnP quantum cascade laser (QCL) (pulsed operation, 
cryogenic temperatures) Bell Labs (1994); InGaN/AlGaN/GaN blue laser diode (cw, 
300K) Nichia Chemicals.
In an undoped active region of a laser in thermal equilibrium the conduction band has 
few intrinsic earners. Therefore there are few filled states in the conduction band and few 
empty states in the valence band. The thermal equilibrium can be broken by electrons 
being excited to the conduction band when optically pumped by photons with energy
Introduction
(h(û) greater than the energy gap. In order to restore theiTnal equilibrium the electrons 
will, over a finite time, recombine with holes in the valence band. The necessary energy 
loss required for the electron to fall back to the valence band will ideally be gained by the 
emission of a photon of energy Eg, where Eg is the bandgap of the material. This is called 
spontaneous emission. However there is a further radiative process called stimulated 
emission where an excited electron can be triggered into releasing its extra energy when 
recombining with a hole in the valence band. The process requires the stimulation by a 
passing photon with the same energy as the one it has primed to radiate. Mirrors are 
placed at the end of the active region that reflect the light back along the cavity to 
stimulate more and more electrons. The stimulated light emitted is both coherent and 
collimated. The three processes of absoiption, spontaneous emission and stimulated 
emission are summarised in Figure 1.1.
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Figure 1.1 a) An electron is excited to a higher energy level in the process of 
absorption, b) An electron recombines with a hole emitting a photon of energy (h(o) 
equivalent to the loss of energy of the >. c) Stimulated emission occurs when a 
passing photon stimulates an electron, possessing equal energy, to a lower energy 
level. The photon that is released in the process is identical to the stimulating
photon.
Lasers can be electronically as well as optically pumped by the application of an applied 
field that modifies the quasi Fenni energy levels ^ /andEj  so that the Bernard Duraffourg 
criteria is satisfied.
The radiative recombination processes can be through intraband (intra is Latin for within) 
and interband (inter is Latin for between) transitions and both are very important in the 
development of RT cw MIR semiconductor lasers. When discussing interband devices 
there are a number of different compounds that satisfy the energy bandgap for MIR, they 
are categorised as II-VI, IV-VI (Pb salts), III-V and all of them have a direct bandgap. 
Figure 1.2 below gives the wavelength emission range for interband lasers of various
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material systems depending on the compositions. However, when discussing the 
intraband transitions the energy separation depends not only on the composition but also 
on the confinement. Our discussion involving intraband transitions in chapter 3,4, and 5 
are concerned mainly with highly confined structures called quantum dots (QD)s, 
however this infoimiation is equally valuable in the bandstructure engineering use of the 
intraband transitions in the so-called quantum cascade laser (QCL), which will soon be 
commercially available (Lucent technologies who hold the patent has licensed this 
technology to Applied Optoelectronics [Anscombe 2000] for applications such as 
environmental sensing).
40-160K
Pb,Sn,.Je
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501 10 1005
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Figure 1.2 shows the wavelength laser emission range of II-VI, IV-VI, and III-V 
material systems [Agrawal 1993, Casey 1978],
This thesis is concerned with analysing the many possible ways that MIR devices can be
improved and will deal with different materials, confinements, and transitions. Our main
concern will be interband semiconductor lasers.
1.3 Bandstructure of mid-infrared semiconductor materiais
In order to enhance radiative and suppress non-radiative transmissions, the transitions of 
electrons in a semiconductor need to be well understood. It is important that intraband 
transitions as well as interband transitions are both studied as viable methods in which 
radiative emission can be improved. Therefore this section introduces the intra and 
interband emitters and shows the advantages and disadvantages of the bandstructure
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design. The following chapters look at possible ways that the transitions occur in order to 
enhance future laser designs.
1.3.1 Interband semiconductor lasers
The important design considerations for the interband naiTow bandgap semiconductor 
lasers that are used in this thesis are described in detail in chapter 2. However a brief 
overview of interband semiconductor lasers will be given here to describe the main 
considerations.
For heterojunction lasers the basic structure consists of an active region where electrons
and holes recombine to foim light. Either side is the separate confinement heterostmcture
(SCH), which due to having a lower refractive index than the narrower gap banier (wider
bandgap materials in general have lower refractive indices) acts as a waveguide due to
photons undergoing internal reflection within the active region. The laser is forward
biased and so electrons and holes are injected from n and p doped material respectively
into the active region. However unless baiiiers and SCH are fabricated into the design of
the laser many earners would escape into the cladding. This is called cunent leakage, and
would reduce the efficiency of the laser.
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hole quasi 
Fermi energy
Injectedhdes (p)
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Figure 1.3 depicts carrier transitions within an interband laser. Showing radiative 
recombination and the non-radiative processes of defects, traps and Auger in the 
active and SCH region. ,
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The diagram shows the main non-radiative mechanisms (Auger and Schockley Read Hall 
(SRH) defects) in interband lasers. SRH defects can be minimised by good growth 
processes and careful lattice matching between layers. However Auger recombination in 
naiTow bandgap materials is very hard to reduce and needs very careful consideration, 
which is discussed in §1.3.3.1. Intraband transitions are relatively unaffected by Auger 
recombination (as other processes are faster) and due to this, novel bandstructure 
techniques have been developed.
1.3.2 Intraband semiconductor lasers
Auger recombination in naiTow bandgap materials is normally the main cause for non- 
radiative recombination in interband transitions. Auger recombination is an even faster 
process in the intraband transitions having a lifetime in the ps rather than ns range, but 
radiative and phonon transitions aie also faster and therefore Auger is suppressed. Other 
advantages of intraband devices are easier control of transition wavelength in MIR-FIR 
(alloy composition variation in interband emitters is difficult to vary accurately for very 
small bandgap), lack of suitable alloys for FIR except ^ ^^^^und PbSe which have bad 
metallurgy and are difficult to process, and it is possible to cascade active layers and 
multiply up voltage not cunent (I^R power dissipation is smaller and easier to match to 
50Q). Unfortunately even faster intraband transitions occur from phonon scattering, 
which for a highly efficient emitter needs to be suppressed, the suppression of phonon 
scattering is discussed in chaptei 3 and 5. However phonon scattering has been overcome 
(though as yet not suppressed) by a novel structure called a quantum cascade (unipolar 
intersubband) that was first proposed by Kazarinov [Kazarinov 1971] to utilise intraband 
radiative transitions. This structure was first demonstrated to work at cryogenic 
temperatures at the Bell Labs. [Faist 1994a, 1994bl. The progress has been rapid since 
then and quantum cascade lasers (QCL)s in 1996 were demonstrated to work at room 
temperature if pulsed [Faist 1996], These devices work by injected electrons undertaking 
many intersubband transitions before leaving the active region. In principle this process 
causes emission of as many photons as there are intersubband active layers for every
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injected electron. If interested in the operating principles of QCL the reader should refer 
to the review paper by Capasso [Capasso 1997].
However the problems with QCLs are that they are very complicated structures which 
have between 500 to 750 layers, and this results in them being difficult to reproduce. 
They are therefore not used in the experimental study of the intraband transitions in this 
thesis.
1.3.3 Loss Mechanisms
1.3.3.1 Auger recombination
Interband semiconductor lasers are the most commonly available commercial lasers, i.e. 
used in CD players, scanners, and optical communications. However commercially used 
room temperature c.w. interband lasers have shorter wavelengths than MIR and this 
reduces the three earner non-radiative mechanism called Auger recombination.
Figure 1.4 shows four principle Auger processes which occur in narrow bandgap 
semiconductors these are Auger 1, Auger 7, split-off Auger and phonon assisted Auger.
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Figure 1.4 Schematic 
diagrams showing 
the four principle 
Auger recombination 
process, a) Auger 7 
(CHLH) b) Auger 1 
(CHOC) c) CHSH d) 
phonon assisted 
Auger (CHCCP).
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Auger recombination is the most dominant loss recombination process in MIR lasers. It 
occurs as a result of electrons colliding and exchanging their momentum and energy. In 
the detrimental processes the recombination of an electron hole pair and an excited third
particle achieves the conservation of energy and momentum. Hence Auger (RAug) varies
as Cn^p or Cnp^ where C is the Auger recombination coefficient, and n and p are the 
electron and hole density respectively. If n=p it may be written
R^ug = Cn^ Eqn 1.3.1
All interband MIR semiconductors have a relatively high intrinsic earner concentration 
(lO^^cm'  ^and 10*^cm’^  [Pidgeon 1991]) at room temperature due to the small energy gap. 
Therefore caii'iers have many states into which they can relax, and so present interband 
lasers are cooled to reduce the intrinsic earners. The temperature dependence of Auger 
recombination is two-fold as both n and C are functions of temperature
( - E  \C(T) = Coexp - j f -  Eqn 1.3.2\  K1 J
Where Co is a constant and k is the Boltzmann constant. Ea is the Auger activation 
energy, which is dependent on the bandgap and effective mass of the electron and heavy 
hole as shown in eqn 1.3.3.
Eqn 1.3.3miih+mc
In nanow bandgap materials Ea is smaller than for larger bandgap materials not only 
because Eg is small but also as m  ^is small in comparison to mhh (the exception being IV- 
VI). This results in small Ea and high C i.e. fast Auger recombination. Although IV-VI 
materials do have minor like bands and high electron effective mass, unfortunately they 
suffer from intervalley Auger mechanisms that have been reported to reduce this 
advantage [Petersen 1981, Emtage 1976]. Also minor bands reduce Auger recombination 
in lasers as the quasi Fenni levels will separate at the same rate from the centre of the 
bandgap, as the earner density increases. This means transparency may be reached when
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the quasi Fenni energies are at the bandedges, i.e. for a very low earner concentration. 
For more theoretical information on the processes of Auger recombination the reader is 
advised to look at [Pidgeon 1999, Agrawal 1993, Beattie 1959 and Landsberg 1991].
1.3.3.2 Absorption processes
There are four main absoiption processes that are discussed in the experiments presented 
in this thesis. These are; interband and intraband absorption, free earner absorption 
(FCA), and inter-valence band absoiption (IVBA). The first two have already been 
mentioned in the description of the absoiption process in §1.2,
1.3.3.2.1 Free carrier absorption (FCA)
There are two different FCA processes in the conduction band. The processes involve the 
absorption of a photon but differ from each other as they either emit or absorb a phonon 
by an electron. The FCA processes are dominated by LO phonons [Ridley 1982] in polar 
semiconductors, such as Pb chalcogenides that are discussed in chapter 4. The two FCA 
processes are shown in Figure 1.5.
cb
Figure 1.5 The FCA in a polar semiconductor is dominated by LO phonons, which 
are absorbed by electrons in the conduction band (cb) when a photon is absorbed in
the two-body intraband process.
1.3.3.2.2 Inter-valence Band Absoiption (IVBA)
A further process that is heightened in naiTow bandgap materials is interband absoiption. 
This is caused when an electron in the spin split off (so) or light hole (Ih) band absorbs a 
photon propagating between the valence and conduction bands. The electron in this 
process is excited to the heavy hole (hh) band maximum. The effect in a laser would be to 
reduce the differential quantum efficiency (this is defined as the number of photons 
emitted from the facet divided by the number of photons generated) and an increased 
threshold cunent.
10
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so
Figure 1.6 IVBA process is a non-radiative process, which is especially prevalent in 
narrow bandgap materials. With antimonides devices the Ih band process is the 
most important as the split-off band is a long way down in energy, and therefore 
transition from the so band (such as that dotted in the diagram) are only possible if
cb has high carrier density.
1.3.4 Reducing non radiative recombination using bandstructure engineering 
Bandstructure engineering (BSE) is the general name given to enhancing radiative 
recombination by using novel bandstructures, which reduce Auger recombination. These 
bandstructures need to reduce the number of states that encourage non-radiative 
recombination. It is therefore necessary to stop earners having a wide range of different 
momenta. This can be achieved by trapping carriers into a thin layer. If this order is 
satisfied in one direction the earner has 2 dimensions in which it is not constricted and is 
called a quantum well (QW). If the earner is restricted to 1 or 0 dimensions it is called a 
quantum wire (QWR) or quantum dot (QD) respectively. The limiting of the carrier 
motion modifies the energy spectrum that leads to an enhanced density of states (DOS) at 
the band edge, the schematic energy diagram of which is shown in Figure 1.7 for bulk, 
QW, QWR, and QD.
11
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Figure 1.7 Schematic diagram of the four confinement states, a) bulk (3D), b) QW 
(2D) c) QWR (ID), d) QD (OD). The carrier occupation (shaded section) becomes 
less for increased confinement due to the modified DOS.
The DOS for the bulk, QW, QWR and QDs are given below in the respective order
P^-D = '2m* Eqn 1.3.4
P 2 - D m7!fp-L  ^ I2 e ( £ - £ i )
Pl-D
P Q - D  -
7th LiyL^ i fji
- j —  Y , s {e - E i„,„)
Eqn 1.3.5
Eqn 1.3.6
Eqn 1.3.7
Where 0  is the Heaviside step function, Ô is the Kronecker delta function, and 
l,m,n=l,2,3,... are integer level quantum numbers.
The growth of confined structures became possible at the end of the 1960s. This was 
made possible by the developments in crystal growth techniques, such as molecular beam
12
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epitaxy (MBE) and metal organic vapour phase epitaxy (MOVPE). It became possible to 
accurately grow a coherent layer a few lattice constants thick (typically IOÂ to IOOÂ) of 
a lower bandgap semiconductor which is sandwiched between a larger bandgap material. 
Normally (in Type I heterostructures) the electrons and holes experience a lower 
potential in the lower bandgap material. These quantum well structures led to 
InGaAsP/InP quantum well laser by Urbana University in 1977. Quantum wires, by a 
similar process, are achieved by using ID ultra fine lithography or the growth of an alloy 
in V-shaped grooves [Kapon 1993]. Lithography can be further used on a quantum well 
or wire to produce a quantum dot however Stranski-Krastanow [Stranski 1937] conceived 
an hétéroépitaxial growth method that due to strains in the two materials that are grown 
on top of each other produce islands. Goldstein [Goldstein 1985] first coherently grew 
these islands, i.e. no dislocations between the substrate and the islands, using InAs/GaAs 
see Figure 1.8.
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Figure 1.8 Schematic representation of the fabrication of quantum dots using the
method of self organised growth.
Figure 1.8 shows In and Asi being collected onto a GaAs substrate. The In and Asi react
while being deposited onto a GaAs substrate to form In As. In As has a different lattice
mismatch than GaAs ( a in A s = 6 .0 6 Â ;  a c a A s = 5 .6 5 A )  and therefore strain (in this case
compressive) between the 2 alloys exists. This strain causes islands to form of InAs
within an InAs wetting layer. These islands are the so called dots and have a typical size
of approximately lOnm consisting of 10"^  atoms. This InAs layer (dots and wetting layer)
can be capped with a further layer of GaAs completely burying the InAs dots.
13
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1.3.5 Magnetic fields
Unfortunately the fabrication techniques are very complicated for QWRs and QDs and 
due to these difficulties results have shown many stochastic properties. However 
Arakawa et al, [Arakawa 1982, 1983] has used QWs in a magnetic field to produce quasi 
DOS of QWRs and QDs. As QWs are suitably understood and well fabricated results aie 
easier to analyse as long as the QW structure is simple.
In chapter 3 and 5 we have applied magnetic fields to confine earners. This confinement 
is similar to the confinement already mentioned in QWRs and QDs for this reason the 
confinements caused to the earners by the magnetic field are called quasi (or Landau) 
QWRs and QDs instead of spatial QWRs and QDs.
1.3.5.1 Landau levels; A model for studying QD s
The combined force (F) due an electric field (E) and a magnetic field (B) on a canier that 
has charge (e) and velocity (v) is given by
F = eE + {ev x B) Eqn 1.3,8
When no electric field is present this can then be simplified to
F = evxB  Eqn 1.3.9
therefore if the magnetic field is peipendicular to the carrier motion it will move in a 
circular path with constant v of radius r. The centripetal force is provided by the magnetic 
force of magnitude \evxB \  so that Newton's second law gives
2
' ■ ^  =  e v B  Eqn 1.3.10r
where m is the mass of the earner. Therefore reairanging eqn 1.3.10 gives the angular 
frequency
eB( O -  —  Eqn 1.3.11m
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fTherefore as the charge mass ratio — is fixed for a earner within a particular sampleym j
(within certain approximations) only the magnetic field deteiTnines the angular 
frequency, which is often termed the cyclotron resonance frequency (o )c).
The free canier mass is not appropriate for carriers in a semiconductor due to the 
interaction with the lattice, and therefore the canier mass is replaced by an effective mass 
(m*). Therefore the cyclotron resonance frequency in a semiconductor is written as
eB-  —  Eqn 1.3.12m
In order to meet quasi confinement the caniers have to complete at least one radian 
without being scattered. Such scattering mechanisms are caused by canier interactions 
with the lattice, other caniers, impurity centres or imperfections in the crystal. Some of 
the ways to prevent scattering include growing higher quality crystals, or lower the 
temperature so lattice vibration is reduced. The mean time in which caniers are not 
scattered is called the relaxation (or Drude) time (t). Therefore for a canier to be 
classified as confined in a magnetic field the magnetic field strength needs to satisfy the 
following criteria
CûçT »  1 Eqn 1.3.13
If this criteria is not satisfied then caniers are scattered several times within the time 
2tc/(0c, s o  that their orbits are incomplete.
In the simplest scenario for a semiconductor with a single parabolic conduction band, the 
energy momentum dispersion relationship for this band is
E ^ = E . + - ^  Eqn 1.3.14^ 2m
Where Eg is the bandedge of the conduction band in a zero magnetic field.
Quantum mechanically, the circulai' orbits mentioned above aie discrete and only certain 
values of r and hence (Dc are allowed. Formally, the wavefunctions are haimonic
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oscillator functions with quantum number n, called Landau orbits, and the energy level 
spectmm [Landau 1950] is
Eqn 1.3,15
The electrons are free to move in the direction of the magnetic field i.e. the motion is not 
quantised in this direction. The total energy is therefore
Eg + +
2m
n + - hcOctgjusB Eqn 1.3.16
where g is the number known as the Landau g-factor, and |Ab is the Bohr magnetron. The 
last term is to include the Zeeman energy, which is due to the spin of the earners. The 
DOS in such a situation is given by
P{E )- { 2 4
2m* r 1n + — Ifico,
-K
Eqn 1.3.17
Where E > {n-\r\l2)%C0c and neglecting spin-splitting. The spectrum looks very much 
like the DOS for a spatial QWR or QD. Figure 1.9 a) compares the DOS for a bulk 
material with and without a magnetic field applied. As a magnetic field quantises the 
earners in 2D the DOS of the bulk sample whether peipendicular or parallel produces a 
QWR. However a QW placed in a magnetic field depends on the position of the growth 
layer in relation to the magnetic field as shown in Figure 1.9 b).
a) b)n=2B>0 B // QW plane B IQ W  plane
n=l
n=0
I/'/e
B=0
t  ^ 0 /3 i
k//B
Figure 1.9 Showing the effect of a magnetic field of strength that satisfies >1 on 
a) bulk sample b) QW perpendicular (±)and parallel (//) to the field.
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1.3.5.2 Strain
There are several ways in which to enhance the perfoiTnance of a laser. There should be a 
high joint DOS (increases slope efficiency though raises hh), the top of the valence band 
should contain either y or z states that enhance TE or TM gain respectively, and that the 
valence band should be non-degenerate so population inversion is more easily achieved. 
Biaxially compressive strain in lasers was shown to enhance all three of these 
properties [Adams 1986, Yablonovitch 1986], and later biaxial tensile strain was also 
shown to benefit the performance of a laser. The strain is induced into the epilayer when 
the lattice constant of the epilayer is mismatched from that of the substrate . Depending 
on whether the substrate lattice constant was larger or smaller than that of the epitaxial 
layer gives either a biaxial compressive or tensile strain see Figure 1.10
Biaxial compressive strain causes the light hole in the plane energy band to shift in 
energy above the heavy hole band. As the light hole effective mass is approximately 
equal to the electron effective mass the valence and conduction bands miiTor each other. 
It can be shown that energy and momentum conserving transitions are much less likely 
for a given earner density and temperature if the bands aie mirror images (see Eqns 1.3.2 
and 1.3.3). Also with minor bands, the quasi Fenni levels separate symmetrically with 
increasing canier density, which leads to a low density for transparency when the 
separation AEf = Eg. This means that the earner concentration is low in the conduction 
band, which prevents broadening and decreases Auger recombination. Also shifting the 
heavy hole and the light hole bands apart breaks the degeneracy at the Brillouin zone 
centre (F) of the valence band. Therefore it becomes only necessary to have a population 
inversion between the light hole and the conduction bands, which reduces the threshold 
cunent (Ith) (though in quantum wells the valence band degeneracy is split due to the 
effects of quantum confinement).
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jj
i= >
unstrained
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0
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JJ
biaxial
compressively 
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Figure 1.10 By growing a mismatched epilayer on a substrate it is possible to 
produce strain on the epilayer. The top diagram shows two material systems of the 
same lattice constant, which therefore have no affect on each other. The middle 
diagram shows the results of growing an epilayer of lattice constant less than the 
lattice constant of the substrate resulting in biaxial tensile strain in the epilayer. The 
bottom diagram shows the opposite scenario that results in a biaxial compressively
strained layer.
Also biaxial compressive strain increases the amount of injected carriers going into TE 
mode gain therefore increasing the amount of carriers going into emission via the facet. 
Biaxial tensile strain was also discovered to enhanced the performance of a QW lasers 
[Krijn 1992, Yamamoto 1993, Thijs 1994]. This is due to two factors, which are shift in 
conduction band energy and an increase in injected carriers to gain mode TM, leading to
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lower threshold current. For a more in depth discussion on tensile strain lasers the reader 
is advised to refer to the following references [Adams 1992, O'Reilly 1989, Agrawal 
1993].
1.4 Free electron laser
A free-electron laser (PEL) has a number of advantages that are very important in 
obtaining the results in chapter 3, 4 and 5 experiments, these features are the large 
tuneable wavelength range (important to finding the energy levels), high power generated 
(necessary for bleaching the sample), and very short (picosecond) light pulses (used for 
time-resolved measurements). The PEL in this thesis is at the POM-lnstitute in 
Niewegein, Netherlands and is called PELIX (free electron laser infrared experiment) 
The basic principle of PELIX is shown in Figure 1.11.
electron dump
electron ecceleretor
Figure 1.11 Illustration of the FEL, showing the basic principles involved.
The PEL originated from a maser, which achieved a coherent beam using electron beams 
at velocities far less than the speed of light, generating radiation of wavelengths of 
approximately 1cm in a closed microwave cavity. To enhance this to shorter wavelengths 
electrons have to be accelerated to speeds approaching the speed of light in an open 
cavity design. Electrons are injected from a thermionic triode gun to a rf linac (radio 
frequency linear accelerator). The rf linac is used to accelerate electrons to relativistic 
speeds and are then sent through a magnetic undulator which is a periodic spatial 
magnetic field. The field makes the electrons oscillate ("wiggle") transverse to the 
direction of the field due to the Lorentz force. The oscillation causes, at relativistic 
speeds, dipole radiation to be emitted from the electrons which is essentially synchrotron
19
Introduction
radiation apart from the periodic undulator field narrows the broad band synchrotron 
spectrum. The wavelength Ào of the radiation is determined by the energy of the electrons 
and by the parameters of the undulator, which is given by the FEL resonance condition 
[Knippels 1996]
2y Eqn 1.4.1
where Àu is the period of the undulator, K is a dimensionless parameter proportional to 
the undulator magnetic field strength and y is the relativistic velocity parameter
X = 1 -  v ^ / Eqn 1.4.2
The cavity intensity in the FEL builds up from the spontaneous radiation where the 
radiation is reflected along an optical cavity, which couples with the next electron pulse, 
building up a "pondermotive potential" so forcing the electrons to radiate coherently. The 
electron pulses come in bursts otherwise the FEL accelerator would overheat. As the 
optical pulse structure is essentially the same as the electron beam pulse structure the 
laser comes in micro and macropulses see Figure 1.12.
Macropulse
y /
200ms 2 to l0 /is
Micropulse
4 ^ ^V  Ips lor40ns Ips ^
Figure 1.12 Temporal structure of FELIX output. The optical pulse structure 
mimics electron beams provided by an rf-linac.
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The temporal structure consists of a train of macropulses, that has a duration which can 
be varied between 2-lOps, with a repetition rate of 200ms (5Hz). Each macropulse is a 
train of micropulses whose duration is between 0.2 and 20ps. The repetition rate of the 
micropulses is Ins or 40ns, which is determined by the oscillation frequency of the 
klystron. The following table summarises the parameters of FELIX,
Tuneability 4.5-250pm
Micropulse duration 0.2-20ps
Micropulse separation 1 or 40ns
Micropulse energy (max.) 50pJ
Macropulse duration <10ps
Macropulse frequency 5 or lOHz
Table 1.1 Characteristic parameters of FELIX.
For a more detailed and theoretical approach to the operating principles of a free electron 
laser the reader should refer to [Marshall 1985, Brau 1991, Milloni 1988, Knippels 1996, 
O’Shea 2001].
1.5 Spectrometers
There are two different spectrometers which are used throughout the thesis to ana] y se the 
spectrum of light these are the grating monochromator, and Fourier transfoim infrared 
spectrometer (FTIR). The monochromator has an entrance and exit slit that usually are 
adjustable. When the slits are fully open more light can enter and exit the spectrometer 
however this is at the expense of resolution and therefore there is a compromise. Once the 
light enters the spectrometer a minor collimates the light onto a grating. The grating 
splits the light, it is then directed to a detector via the exit slit, where one component of 
light exits. The grating rotates on an axis and the angle of the light deteimines the exiting 
wavelength of light. The grating spectrometer was used for experiments in the near 
infrared.
The Fourier Transfoim (FT) spectrometer compared to the single channel (prism/grating) 
spectrometer is better at longer wavelengths, as unfortunately in the MIR region detectors 
are very noisy and the energy of each photon is low. The advantage of FTIR is that for
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high resolution a grating requires a high number of lines and for high efficiency they 
should be separated by approximately one wavelength implying the grating would have 
to be very large. The FTIR gets high resolution simply by translating the mirror a long 
way, and high efficiency by choosing a 50:50 beamsplitter. (The FTIR is not used for 
NIR and visible because it is necessary to have very small steps).
The FTIR spectrometer is based on a Michelson interferometer, see Figure 1.13. 
Collimated light entering the FTIR is divided in to two parts by a beamsplitter. Ideally 
half the light is transmitted to a fixed mirror and the other half is transmitted to a moving 
mirror. The light from both mirrors is reflected back upon themselves to the beamsplitter. 
At the beamsplitter the beams superimpose and interfere. The light is focussed onto a 
detector. When the path lengths between the fixed and moving mirror are equal the 
amplitude is at its greatest as all wavelengths constructively interfere, called the 
centreburst. The measurement of the moving mirrors position is obtained using a HeNe 
laser of wavelength approximately 632.8nm. The laser beam path follows an optical path 
parallel to the light from the IR source through the centre of the Michelson 
interferometer. Since the interfere gram of a monochromatic source is a pure cosine wave, 
the He:Ne laser is employed to measure the displacement of the moving mirror, simply 
by counting the number of laser fringes.
Fixed mirror
lens
beamsplitter ]lens
source
>x ' cm-I
Figure 1.13 The FTIR spectrometer is schematically illustration to show how the 
interferogram is formed. When a equals b the interferogram amplitude is at its
peak.
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The detector converts the signal to an electric signal, which is collected by the software 
of the FTIR. The software using Fourier mathematics transforms the signal from an 
interferogram to a spectrum. The computation process involving Fourier mathematics is 
beyond the scope of this thesis and therefore it is advised that the reader who requires 
more infoiTnation refers to texts specific to this subject such as [Bell 1972, Perkowitz 
1993, James 1969].
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2.1 Introduction
Most commercially available semiconductor emitters use interband transitions to create 
light. Unfortunately with naiTow bandgap semiconductors the interband transitions are 
usually dominated by non-radiative recombination and therefore there have been no 
reports of interband Mid-IR semiconductor lasers or LEDs working continuous wave 
(CW) at room temperature (RT) beyond 2pm. A collaboration between The University of 
SuiTey, The University of Wales at Cardiff, and DERA Malvern has been looking at ways 
to solve this. The practical work earned out by SuiTey University will be presented in this 
thesis showing that Auger recombination and Shockley, Read, Hall defects recombination 
have to be overcome to achieve a working RT MIDIR laser. Spontaneous emission 
measurements have been taken on MID-IR lasers, which are fabricated at DERA, to 
analyse the dominant recombination mechanism.
The devices were produced using the III-V semiconductor material system. The most 
studied ni-V materials for mid-IR devices have been based on GalnAsSb/AlGaAsSb 
material systems and GaSb substrates where operations at wavelengths shorter than 
3.3pm has been achieved [Choi 1994]. To extend the range to longer wavelengths other 
material systems have been investigated such as InAsSb/AlAsSb on GaSb [Eglash 1994], 
InAs(Sb,P)/InAsSbP on InAs [Baranov 1992], and InAsSb/InGaAs. The material systems 
measured in this chapter are typel Ini.xAlxSb / InSb, which cover a range between 3- 
6pm [Landolt 1982].
Here we present results showing that bulk InSb devices suffer from Auger recombination. 
To overcome the Auger recombination and have a comparable device, a 121 MQW 
structure was developed. The results on the I21MQW structure shows that it behaves as a 
superlattice structure and therefore is very suitable in comparing the bulk device with 
QWs devices. Spontaneous emission experiments were earned out on lOQW and 40QW 
structures. The results on lOQW and 40QW sample showed that defects were the 
dominant recombination process.
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2.2 Theory
The collection of spontaneous emission is required to look at the dominant recombination 
mechanism. The technique used was a development from the cuiTent/light versus light'®'^  
analysis approach first reported by Van Opdoip et al. [Van Opdoip 1981]. This approach 
was then advanced to measurements that involved plotting log(cunent) versus 
log(light)°'^, as log(light)°‘^  is basically log(carrier density) [Adams 1996]. There are two 
disadvantages with this technique. The first is that the absorption of light will affect the 
results so it is crucial to minimise the naiTow bandgap, which causes some stimulated 
emission from the windows. The other problem is that the fabrication of the windows can 
affect the performance of the laser.
The spontaneous emission can be emitted from windows either in the substrate, or from 
the top or side of the ridge of the laser where amplified spontaneous emission is small, as 
gain will be only in the wells. Light from the facets however contain components of 
amplified spontaneous emission caused by the stimulated amplification of light travelling 
along the cavity which is less easy to inteipret. The windows can be created one of two 
ways. The first way is to use an ion beam miller that bombards argon ions against the 
substrate removing the metalisation and contacting layers, so that light can escape from 
the cavity. The other way is to etch windows into the top metal contact of the laser during 
the fabrication process. Both ways were tried but the results on spontaneous emission 
were obtained by using lasers that had windows in the metalisation on top of the ridge.
2.2.1 Determining the dominant recombination mechanism from the 
spontaneous emission
The following mathematics is important in illustrating why spontaneous emission is used 
to find out the dominant recombination mechanism. The recombination rate per unit 
volume for electrons falling through Shockley, Read, Hall (SRH) defects and traps is 
given approximately by Rsrh = (or Rrrh = depending on the type of trap)
[Agrawal 1993], where A is the SRH defect coefficient, n the electron density (p is the 
hole density). The recombination rate per unit volume by radiative transitions is
R,.^d ~ for the Auger recombination mechanism R^ug -C n ^ p  (for the CHCC
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process or = Cnp^ for CHLH) (Agrawal 1993), where B [Beattie 1996a] and C
[Beattie 1996b] are the radiative and Auger coefficient respectively. When a bias is 
applied to a p-i-n diode the cunent is proportion to the total recombination rate i.e.
1 = eVRfof + . Therefore the total current (I) is
I  =eV {An + Bn^ + Cn^) + Eqn 2.2,1
assuming charge neutrality i.e. n=p (and B is not a function of n),. Where e is the charge, 
V the volume, and Iieak the leakage cuiTent. This foiTnula can only be used for lasers that 
are not heavily doped, because the doping causes the injection earners to be negligible in 
comparison to the intrinsic earners or if Feimi statistics apply. This is clearly illustrated 
by the theoretical model calculated (see Figure 2.4), where the effects of higher carrier 
concentrations are closely examined. If devices are heavily doped or heavily degenerate 
then the power laws of eqn 2.2.1 may be altered, e.g. for heavy p-type doping, Na, the 
CHCC Auger rate becomes
R aus ~  C N  / j t  Eqn 2.2.2
In the case where leakage is negligible, and there is no strong doping or degeneracy 
/  oc A/Î + + C n^  Eqn 2.2.3
Now each term represents a various recombination mechanism, where An is the 
Shockley, Read, Hall defects recombination, Bn^ is the radiative recombination 
(spontaneous emission), and Cn  ^is the Auger recombination term. When one of the 
recombination mechanisms is dominant the other terms can be neglected and so
I  ^  Eqn 2.2.4
Now the radiative recombination term can be represented as L = =Rrad=Bn^dt
.-.L^ '^ ocn
Substituting n by in Eqn 2.2.4,1 becomes
l o c { l 9 ' ^ ) ^  Eqn 2.2.5
By taking logs of both sides it becomes
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log I  -  z\og + const Eqn 2,2.6
By plotting a graph, see Figure 2.1, where logi is on the ordinate and logL^^ is on the 
abscissa, we can measure the gradient of the line, which gives the value for z. As z is the 
power of the dominant recombination mechanism then the gradient being 1, 2, 3, 
represents the dominant recombination method to be defects, radiative or Auger 
respectively. Great care must be taken though, as in the degenerate or heavily doped case 
this may not be valid, i.e. for the situation when eqn 2.2.2 is true the gradient would be 4.
At low temperatures the earner concentration required for population inversion is low, so 
that the dominant recombination expected would be due to defects and traps. As the 
temperature increases the intrinsic carrier concentration increases and the dominant 
recombination would be radiative, and higher still Auger. In fact radiative may not be 
observed in the case that B is very small and we may jump directly from domination of 
SRH to Auger recombination. Figure 2.1 below shows how each recombination 
mechanism may dominate in a laser for different temperatures. Ideally the radiative 
recombination needs to be dominant at room temperature.
8 Auger
z=3
Radiative
2=2
I
g Defects
2=14
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§> 2
o
0
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ValogL = log (carrier density [cm'^])
Figure 2.1 The dominant recombination mechanisms change with temperature 
where defect and Auger processes are dominant at low and high temperatures 
respectively. The thick line shows the combined recombination rate due to the other
three recombination processes.
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2.2.2 Theoretical calculation of power laws for recombination in bulk.
The results for the dominant recombination process have been presented in a manner that 
assumes A, B, C are not functions of n, and therefore zsrh, Zrad. and ZAuger are 1, 2, and 3 
respectively. Unfortunately this may not be correct, for z may vary due to temperature 
and carrier concentration. To overcome the fluctuations in the experimental results a 
theoretical model is used to calculate z.
A spreadsheet was provided by Mike White from DERA, Malvern [White 1987, Beattie 
1996a, 1996b]. The output of the spreadsheet gives the Shockley-Read-Hall 
recombination rate ( R s r h ) ,  the radiative recombination rate (R r a d )  and the Auger 
recombination rate (RAug)- The latter is calculated using the so-called "Flat-valence band 
model" [White 1987, Beattie 1996a, 1996b] which provides an analytic approximation 
for CHCC and CHLH processes without the need for iterative numerical solutions, and 
which has consistently matched InSb devices pretty well [White 2000]. The 
approximation of a flat heavy-hole band significantly simplifies taking energy and 
momentum conservation into account, for calculation of the transition probability. The 
input parameters are alloy composition for IiiGaSb, InAlSb or HgCdTe, the temperature, 
the doping concentration and the excited concentration (or applied voltage or electron 
Fermi level). In fact the effective mass higher band parameters for InGaSb and InAlSb 
are assumed equal to equivalent bandgap HgCdTe, and the only modification for the III- 
V alloys is to include the correct bandgap and bandedge mass versus temperature and 
composition. The calculation of the SRH coefficient (A) used in the theoretical model is 
for MCT material [Polla 1981] and not InSb like the lasers used in these experiments. 
However MCT has similar bandstructure to InSb and is a narrow bandgap material so it is 
reasonable to assume that the properties of the material will act in a similar manner.
The output of R s r h ,  R rad , and R A u g  from the spreadsheet are plotted as a function of 
carrier concentration see Figure 2.2, which shows how the total domination of 
recombination processes in theory varies. The graphs compare temperatures of 77K and
32
Dominant recombination mechanisms in III-V interband semiconductor lasers
150K with number of traps (NT) of lE12cm'^ and lE15cm'^. The result at 77K with NT 
lE12cm'^ shows that radiative recombination is dominant at low n and that as n increases 
Auger recombination dominates. However when the number of traps is increased to 
lE15cm'^ at 77K the results show that at low n SRH dominates until at n of lO'^cm'^ 
Auger dominates without radiative ever dominating. At higher temperatures similar 
domination is seen, however Auger recombination becomes dominant at lower n as the 
intrinsic carrier concentration increases.
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T.77K
NT=1E1226- 26-
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Figure 2.2 Theoretical calculations depict how the recombination changes as a 
function of carrier concentration for temperatures of 77K and 150K,and trap 
concentrations of lE12cm'^ and lElScm*^.
The value for the power of n is given by the gradient of the lines shown in Figure 2.2,arehowever the small changes in the value of z not clearly illustrated. So by adapting the 
spreadsheet small changes in z can be calculated, see Figure 2.4 where
d{\og Rsrh )Zsrh - d{\ogn) Eqn 2.2.7
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It is important to note that from Figure 2.4 it can be clearly seen that in spite of the fact 
that the lines on Figure 2.2 look straight to the eye Zrad, ZAuger are not constant 2, and 33*io I6
respectively. At low densities of earners (n<: ') Zrad, and ZAuger are very close to 2 and
3 respectively, but at higher carrier concentrations Zrad, and ZAuger starts to change, 
because the material starts to approach degeneracy, see Figure 2.4. Qualitatively 
speaking, in the degenerate situation for Auger each electron needs to find only a hole -  it 
finds automatically another electron, and thus Auger behaves like a two earner process, 
not a 3 carrier process [Haug 1978] and so ZAuger ~ 2. By a similar argument each hole 
can automatically find an electron in radiative recombination, so this tends towards a 
single particle process, not a two earner process and Zrad drops from two to one at higher 
density. Almost by definition, the laser threshold condition occurs in the degenerate 
regime, as the quasi Fermi energies for electrons and holes must be separated by more 
than the bandgap. Transparency, i.e. when AEp=Eg, at 150K and low trap density 
(lO^^cm’^ ), occurs at around lO^^^cm' ,^ see Figure 2.3.
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Figure 2.3 shows the quasi Fermi electron (red line) and hole (blue line) energy 
levels. Transparency is reached when the quasi Fermi energy separation (AEp) is 
equal to the bandgap energy. Note the Fermi energy scale is positive for Efe and Efh 
above the energy bandedge of the conduction and valence bands respectively.
The spreadsheet calculation starts to become inaccurate in very high carrier
concentrations (>10'^cm'^) or low temperatures (<70K) due to the numerical
inaccuracies, although Fermi statistics are included. However the qualitative
argument used above is well represented in the calculations. It should also be mentioned
that the transition from the SRH or radiative to Auger recombination takes about 1 order
of magnitude in n from Figure 2.4. However, as JocR~n  ^this occurs over about 3 to 5dB
in current. All our logI versus logL®  ^data in §2.4 cover considerably more than 5dB in
current. As the temperature is reduced the transition to Auger occurs at higher carrier
concentration. There is a competition between two effects, the rise in electron
temperature and the rise in bandgap which seek to increase and decrease the Auger
coefficient respectively. Also reducing the temperature for a fixed concentration tends to
raise the Fermi energy and moves the system closer to degeneracy.
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Figure 2.4 a) The variation in the power of n (for rates of SRH, radiative and Auger, 
and total) as the carrier concentration is increased, for temperature of 77K and 
number of traps 1.0el2. b), c) and d) same as a) for temperature of 77K, 150K, 150K 
and number of traps l.OelS, 1.0el2, l.OelS, respectively.
Figure 2.4 a) and c) shows that for low trap density, radiative recombination dominates
(ztotai ~ 2) at low n and makes a transition to Ztotai ~ 2.4 and 2.8 respectively, when Auger
dominates. For high trap density (figure b and d)) the overall rate is dominated by the
traps at low n so Ztotai ~ 1» and this jumps to Ztotai ~ 2.2 and 2.6 respectively due to Auger,
without radiative recombination ever dominating.
Experimentally, we plot logi versus logL® ^  and expect gradients of 1,2, and 3 due to the 
assumptions laid out above. However, it is seen that theoretically the power laws are not 
integers (Figure 2.4), and in particular the radiative recombination does not vary as Bn .^
In order to compare the theory with the experiment it is therefore necessary to plot the 
theoretical logRtot versus log , not logRtot versus logn to predict the experimental 
value of z. We redefine Ztot as
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Ztot = to t9 l o g < L
Eqn 2.2.11
Figure 2.5 illustrates the difference in calculating Ztot by using eqn 2.2.10 (black curve, 
bottom axis) and eqn 2.2.11 (red curve top axis).
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Figure 2.5 Comparing how Ztot as a function of n as calculated theoretically with that 
of carrier concentration as calculated by radiative recombination to the power of a
half where n is assumed to be 2.
From Figure 2.5 it is seen that the two results do not match exactly. Therefore these
graphs show that plotting logL®  ^gives correct interpretation of recombination process
e.g. z = 3 even when L «= and Auger oc Unfortunately we do not have similar
theoretical results as depicted in Figure 2.2 - Figure 2.5 for InSb/lnxAli.xSb QW devices,
and so this bulk model will also be used to discuss such QW devices.
Figure 2.6 shows how radiative recombination should change as a function of carrier 
density for an InSb bulk sample. It can be seen for T=77K and traps lE12cm'^ in a) that
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at low carrier concentrations initially the dominant recombination is radiative 
recombination however as carrier concentration increases Auger recombination is 
dominant. In the case for 150K and low trap number, shown in c), radiative and Auger 
recombination dominates at low carrier concentration, however Auger recombination 
dominates at lower carrier concentration as intrinsic carrier concentration increases. As 
for case b) and d) where number of traps are increased the domination at lower carrier 
concentration is SRH defects and traps and at higher concentrations Auger recombination 
dominates without radiative ever dominating.
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Figure 2.6 Plots of logR versus 0.51ogL showing the trend in the effect of 
temperature and defects on the dominant recombination mechanisms.
2.2.3 Description of Laser Devices
The devices studied are InSb/Ino.9 0 4Alo.o%Sb I21QW (531), InSb/lnSb bulk (441), 
lnSb/lno.9 0 4Alo.o%Sb lOQWs (583), and lnSb/lno.9 0 4Alo,o%Sb 40QWs (591), these are 
summarised in Table 2.1. The general structure [Ashley 1997] of all these devices was
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n^p^P^Tin ,^ which is shown in the Figure 2.7 below with the associated band diagram, see 
Figure 2.8. The superscript + represents highly doped material, the underscore denotes 
wider bandgap material (Ini.xAlxSb) and n to signify nominally undoped p material. 
Figure 2.7 with association with Figure 2.8 will be used to explain why the basic 
structure was used, from right to left.
sample number material Number of wells length area of each 
window
441 InSb/lnSb Bulk 650pm unknown
531 lnSb/lno.904Alo.o%Sb 121 QWs 650pm N/A
583 lnSb/lno.904Alo.o96Sb 10 QWs 650pm 800pm^
591 lnSb/lno.904Alo.o96Sb 40QWS 650pm 800pm^
Table 2.1 summarises the devices used in chapter 2 for easy reference. See appendix 
2 for more details on material, composition, doping, SCH, barrier and well etc.
5* 1 V m * ^  u n d c p e d  ^
^  3*10Wm^ ^ <   ►
I I G old co n tac t C ladd ing
M  C ladd ing  [%] Buffer
I  B arrier |  S u b s tra te
I  A ctive reg ion  S i0 2
Figure 2.7 Colour coding of laser in order to describe the importance of each layer.
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Figure 2.8 Schematic energy band diagram (note: lengths not to scale).
In principle the cladding and separate confinement heterostructure (SCH) layers are 
always lattice matched with each other, but often InSb substrates were used (i.e. 
mismatched growth, and threading defects may be present). The n+ region is 
degenerately doped with low [Al] or [Ga] material for hole confinement at the diode 
junction, and also produces a Moss-Burstein shift at the bandgap and thus provides a 
lower refractive index (n=3.4) than the active region (n=4.0) and hence optical 
confinement. In forward bias, electrons are pumped from the emitter n+ region to the n 
active region. The active region is either bulk InSb or a series of QWs. The QWs are InSb 
with InAlSb bamers, for more details of composition and amount of QWs, see Appendix. 
The wide bandgap material is for electron confinement i.e. it stops electron leakage out 
of active layer, which limits overall cunent drive. Unfortunately the region has a large 
lattice constant compared to the n layer and therefore, so that critical thickness is not 
surpassed, the p^ region is grown only to 0.02jLim [Ashley 1993]. To compensate for the 
small layer thickness of p^, and to ensure the build up of holes another p^ layer that is 
lattice matched is grown. The p"^  region is grown thin enough to minimise optical 
absorption, which is strong in p-type material due to intervalence band absoiption 
(IVBA), yet thick enough to prevent earner injection from the anode contact. The last 
layer is a n  ^region that is used as the top optical cladding. It forms an ohmic contact to 
the p  ^layer owing to quantum mechanical tunnelling.
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2.2.4 The design processes Involved In the development from bulk to QW lasers 
The puipose of the developments to these lasers was to increase the operating 
temperature when driven continuous wave (cw). The report covers four III-V type 1 
interband lasers, to see if there are improvements in the radiative recombination. The first 
stage was a bulk sample that has 3D DOS. The 3D DOS, of III-V interband narrow 
bandgap devices have a high effective mass ratio that gives high threshold earner 
concentrations and high Auger recombination. Also the homojunction design has poor 
waveguiding properties and IVBA is also high. The effect of all four causes low gain and 
high loss, and results in a maximum operating temperature of 96K [Pryce 1998] when 
pulsed. A QW design was proposed to reduce these detrimental effects. For an initial 
comparison between QWs and bulk a 121QW was developed. The 121QW laser 
produced had light strain and a strong superlattice effect. In order to produce a QW 
device, designs normally use a structure which is as shown:
The SCH layers and baniers layers are noiTnally all lattice matched to the substrate, and 
the well is lattice matched or slightly strained (up to ± 2% or so). In our case, there is no 
binary substrate with a lattice constant near to or greater than that of InSb, which is the 
quantum well material required for the longest wavelengths. Therefore there is a need for 
either ternary substrates or 'virtual' substrates (where a buffer layer of the desired lattice 
constant is grown on a mismatched substrate). DERA has produced ternary GaxIni-xSb 
substrates with x up to 5.6%. This allows use of Alylni-ySb with y up to 5% for the 
widegap SCH, GaxIni-xSb for the SCH lattice matched to substrate and InSb as the well 
with biaxially compressive strain up to 0.5%. The compressive strain has the effect of 
making the valence band edge heavy hole like, which has a light in-plane mass, and this 
reduces the threshold earner concentration, reduces Auger coefficients and increases gain 
by matching the symmetry of the bands to the symmetry of the laser cavity. However, 
such a small strain, and such shallow wells give only a small improvement, and so the 
total thickness of the wells required was almost as much as the bulk device, and the initial 
structures had 121 wells. However, the bairiers in this structure were thin, allowing 
electron tunnelling and hence a superlattice bandstructure. The improvements due to this 
structure were weak due to the nearly bulk like DOS and large volume of material to be
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pumped. Subsequently, virtual substrates with x up to 20%, i.e. up to 2% strain were 
grown, and this allowed much higher gain and many fewer wells. A set of samples with 
all compositions and densities identical, but varying number of wells was grown. Higher 
strain leads to a 2D-DOS that reduces Auger recombination.
The devices that have been developed are optimised to reduce cunent threshold Jth-
ln (4 )  = + a 4-In NJ,ri - i Eqn 2.2.12
where R is the facet reflectivity, N is the number of wells, Lc is the cavity length, Fw 
is the confinement factor per well, a  is the internal loss, r) is the efficiency and gt is 
the tlneshold gain. This equation has competing terms in N. The total confinement 
factor, NFw needs to be large in order to have good coupling of the emitted photons 
into the waveguide. However, the more wells, the more volume which needs to be 
pumped, and there is therefore an optimum value of N. The optimum number of 
quantiun wells is found by plotting the theoretical calculations of gain per well against 
current per well, see Figiue 2.9.
line just touches 
gain/cufient 
gdn/w dl| slope
gain saturation--loss/2
 ^  loss/3
loss/4
cuiïent/weË
absorption
/well transparency
Figure 2.9 The current comes down initially with increase in the amount of wells as 
the required gain per well is reduced due to optical confinement increasing, but 
eventually the current increases again once the required gain approaches the
transparency condition.
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The required gain per well obviously decreases with well numbers, as the required gain is 
a fixed number (=loss), and never stops decreasing. The cunent comes down initially 
because the current/well comes down much faster than gain/well, due to saturation of the 
gain. After the optimum is reached the cunent/well comes down less than the gain/well 
because of the finite cunent at transparency.
Calculations [Kamal-Saadi 2000] suggest that the optimum amount of QWs for the 
InSb/Ino.9 0 4Alo.o9 6Sb type I interband lasers is twelve. So to compare theory with practice 
lasers were fabricated in the same manner, but with the active layer varying in the 
number of QWs. The numbers of QWs grown for three different lasers were 10, 20 and 
40. The devices have the same substrates and compositions and the repeatability of the 
devices processed was high, therefore comparisons between devices are possible. The 
fabrication process of these devices for the following spontaneous emission experiments 
is described in Appendix 1.
2.3 Experimental set-up for the collection of spontaneous emission
The spontaneous measurements were earned out using two different cryostats. Initially a 
nitrogen cryostat could only cool the sample to 77K whereas later a closed cycle He 
cryostat was obtained which gave a range of temperatures from 9.5K to 300K. The 
electronic and optical set-ups were reasonably similar for both experiments involving the 
different cryostats, see Figure 2.10 below.
Detector laser sample
Output of FTm
o --------
beainsplittff
muror
Figure 2.10 Experimental set-up for the collection of spontaneous emission.
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The nitrogen cryostat had a ZnSe window that is transpai'ent from (600nm-21p.m). These 
devices were coiTectly impedance matched with the coaxial cable of (~ 50Q). Failure to 
coiTectly impedance match the circuit gives rise to reflections of the signal at the 
junctions and the resulting ringing on the cunent pulses can be potentially haiTnful to the 
laser [Sweeney 1999a], The ceramic earner is then screwed into the cryostat in such 
away that the windows on the top of the laser are facing the emission window of the 
cryostat. The cryostat is then cooled to 77K and the laser is forward biased.
The focussing of the laser is done prior to the laser being biased, as it is easier to align the 
minors using a visible light. The visible light is from a red HeNe 5mW laser that is 
directed at the laser. The light scatters at the place of the laser, and therefore acts like a 
point source. This scattered light is collected using a 5cm focal length parabolic minor 
that collimates it. The collimated light is then transmitted to the emission port of the 
FTIR spectrometer and due to the strong inadiance of the light it can be sensed by the 
detector that is normally used for the MIDIR radiation. The minors are then tweaked to 
align the signal to the detector. Once the signal strength cannot be increased any further 
the HeNe is switched off and the laser is switched on. The collimated window emission 
entering the so-called emission port of the FTIR spectrometer converts the light into an 
inteiferogram. The inteiferogram is then detected using a Graseby mercury cadmium 
telluride (MCT) detector, which has an area of 0.4cm^. The detector used has a good 
response over the range 2<X<16pm with a peak response at 12.8pm. The output of the 
detector is amplified by a preamplifier circuit which increases the signal to noise ratio 
(SNR). The signal from the pre-amplifier is then sent to a filter/amplifier, which further 
improves the SNR. The filter is used as a pass band with a frequency range of lOkHz to 
lOOkHz, therefore any frequency below or higher than this are reduced. In order to 
produce high quality spectrum of spontaneous emission the signal from the filter is fed 
into a lock-in amplifier, using the TTL output (trigger) of the voltage source as a 
reference signal that is phased locked to the detector signal. The output signal from the 
lock-in amplifier consists of a d.c. voltage that is proportional to the light emitted by the 
windows of the laser. The d.c. signal is then fed back into the FTIR spectrometer where it
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is converted to digital and using Fourier mathematics converts the noise reduced 
interferogram into a spectrum. The computer takes many spectra (for our results it is 
usually 50 scans) and then averages them. Therefore the averaging of these scans reduces 
noise caused by changes which occur over time, whereas the filtering techniques are to 
reduce the sudden fluctuations which are occurring frequently.
For the closed cycle He cryostat which was developed to provide measurements for 
varying temperatures a different technique was used to mount the lasers. Instead of fixing 
the laser devices using silver load epoxy to a ceramic gold plated carrier a clip was 
developed that held the laser firmly in place, see Figure 2.11. The clip provides easier 
installation of the laser, as it no longer requires the bonding of gold wires to the gold 
plated ceramic carrier, or the soldering of electrical wires from the cryostat to the carrier. 
The thermal conductivity of the clip provides an increase in heat sinking capability and 
also gives good thermal conductivity between the cold finger of the cryostat and the laser.
Figure 2.11 3D perspective of the laser clip showing how a laser is held tight within
the jaw of the clip.
The clip works by having the upper part being separated by a piece of plastic so that the 
top is used as the positive contact and the base as the ground contact. The placement of 
the laser onto the clip is critical as there is only a hole approximately 300pm in diameter 
in the top contact, and therefore the mesa has to be put in the centre of the hole to prevent 
light from the window being blocked by the metal contact. The top of the clip slides 
across the insulator in order to fix the laser. Once the laser is in the correct place the top 
plate may be tightened using two Teflon screws. The clip is then put into the closed 
cycled cryostat (CCC).
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An Oxford Instruments intelligent temperature controller (ITC502) controls the CCC.
The ITC applies PID (proportional, integral and derivative) settings that utilise negative 
feedback to control the heater coil in the CCC. The PID settings only need to be changed 
five times for a range of temperature measurements of 9.5K to 300K, these aie shown in 
Appendix 3 with the coirect gas flow settings.
The temperature controller also regulates the flow of the gas, though the gas flow has to 
be manually set to a coarse value as given in appendix 3. The exhaust gas flow relates 
to how much He liquid flows into the cryostat. The liquefaction of He is done using a 
closed cycle cryostat (CCC). It recycles the He gas using an adiabatic system, which uses 
the Joule-Thomson effect. The process involves the compressed He gas to expand 
through a nozzle. The expanding gas has to do work in order to push the gas in front of it. 
By preventing energy being absorbed from the surroundings the energy has to come from 
the gas itself and therefore the gas is cooled. A pump at the base of the cryostat, which is 
connected to an Edwards compressor pressurises the gas. The liquid He is used to cool a 
cold finger which in turn cools the clip and thus the laser.
The laser in the clip is mounted on a cold finger and a radiation shield is then placed 
around it. Then the outer jacket of the cryostat is clipped into place. The sample space is 
then pumped down to 10'^-10'^ tons using a roughing pump and turbo pump. When the 
pressure is ~10“^ the temperature can be reduced from 300K to 9.5K. The temperature is 
controlled by a temperature controller, which measures the temperature of the cryostat 
using a 210, rhodium-iron thermistor that is placed close to the sample. The temperature 
range of the rhodium-iron thermistor is 1.4K to 800K. It takes roughly 30 minutes for the 
temperature to stabilise and therefore measurements are not taken before this time has 
elapsed.
2A Measurements to determine the dominant recombination mechanism
The spontaneous emission measurements are taken from the top of the mesa where 
windows have been fabricated during the processing of the laser. In these measurements, 
the maximum distance over which the spontaneous emission can be absorbed is equal to
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the total active region thickness (-1750Â for lOQW, 6700Â for 40QW, and 3p,m for 
bulk) after which it passes through the wide bandgap or Moss-Burstein shifted layer.
Thus absorption and gain effects are negligible.
The devices used for window emission have a cavity length of 650p,m, The windows 
produced are 10|Lim in length and 80p,m wide.
The spontaneous emission is collected by a parabolic minor and directed towards the so 
called 'emission port' of the FTIR spectrometer where it is then analysed. After 50 scans 
have been taken by the spectrometer the average signal is recorded. Many different 
spectra are taken for different currents, and the change in the light output versus cunent is 
plotted on the graph.
The pulse width for all the measurement was 2.5p,s and had a duty cycle of 50:1. This 
was derived from several experimental results on sample 441 and 531, to find the 
optimum perfonnance of the laser diode. Previous experimental results by Graham Pryce 
at DERA had shown that the laser devices needed to be pulsed with a pulse width in the 
microsecond range. First results on sample 441 showed no lasing for a range of pulse 
durations and duty cycles. As spontaneous emission did not noticeably change the 
important results to finding the optimum duty cycle are derived from sample 531, which 
did lase. Using sample 531, results were obtained for a range of pulse widths and duty 
cycles between 2.5|U,s to lOjis and 20:1 to 50:1 respectively, the two extremes are 
presented in Figure 2.12. The effects of lower duty cycle and higher pulse width show 
broadening in the spectra and a double laser peak. To keep continuity throughout the 
spontaneous emission section the pulse width of 2.5jxs and duty cycle of 50:1 were used 
for all the results recorded on future devices made i.e. lOQW and 40QW samples.
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Figure 2.12 The four graphs show that as the duty cycle is increased and the pulse 
width is decreased the broadening is reduced. Also the double laser peak feature is 
not seen when pulse width is 2.5pm for duty cycle of 50:1.
When the device is lasing the spontaneous emission normally no longer increases (i.e. it
pins). The pinning of spontaneous emission is caused by all the electrons and holes
recombining to form the amplified light, which is due to the very fast process of
stimulated emission relative to defect, radiative, and Auger recombination. Therefore all
other types of processes are pinned at a certain level and all other recombinations of hole
and electron cause stimulated emission.
When the current reaches a certain threshold the device lases. The parabolic mirror not 
only collects the spontaneous emission from the windows but at currents above threshold 
the laser light is scattered from the facets by the shiny metal inside the cryostat. Some of 
this scattered laser light is also collected simultaneously with the spontaneous emission. 
The stimulated emission light has to be removed before the spontaneous emission spectra 
can be integrated, see Figure 2.13 for before and after stimulated emission is removed.
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Figure 2.13 Scattered facet emission on collected window emission of sample 583, at 
temperature 77K. The scattered laser light peak is at 3.6pm. The laser was forward 
biased with pulse of 2.5pm and duty cycle 50:1.
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Figure 2.14 Scattered facet emission removed from original data see Figure 2.13
leaving only the window emission.
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This removal is done in software, but it is possible to prevent scattered stimulated 
emission in principle by using an optical fibre [Sweeney 1999b]. It was not possible to do 
this in these experiments as the spontaneous emission for the optical fibres used in 
reference to above would have absorbed this wavelength. However future experiments 
could use chalcogenide fibres. Having obtained the pure spontaneous emission spectra as 
a function of current the variation of the integrated spontaneous emission rate can now be 
determined. In practice this is evaluated numerically using a graphing package. The 
integration of the detector signal gives a valid measurement of the total rate of 
spontaneous emission of the light due to the way in which the MCT detector generates a 
signal. This generation is caused by absorption of photons that excite electrons into the 
conduction band. As the detector has a reverse biased voltage the electrons and holes are 
pulled apart causing a photocurrent. Therefore the detector photocurrent is proportional to 
the rate of emission of photons, which in turn is proportional to Bn .^ No correction to the 
spectrum for the photon energy is required (as would be the case for a detector signal that 
is proportional to the incident power).
gradient 2gradient 32.7-1
gradient 12.6-
2 .5 -
2 .4 - Gradient Error
^  2 .3 -
S  2.2- 
^  '
1.05 +/-0.03
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Figure 2.15 Spontaneous emission data of Figure 2.14 integrated for each current at 
77K. The end result is a straight-line graph with a gradient of 1. Therefore the 
dominant recombination mechanism is caused by defects. This sample 583 has 
bonded wires and therefore differs from sample mounted in a clip, though results
are comparable see Figure 2.19.
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Figure 2.15 has a gradient of ~1 (1.05) and by comparison with Figure 2.1 means that the 
dominant recombination is via defects at 77K for sample 583. The graph also shows that 
above Ith the gradient is effectively infinite since n, and hence L becomes pinned. The 
pinning is due to the extremely fast stimulated emission process, which compared to the 
other three recombination methods are relatively slow.
2.4.1 Bulk Devices
Further spontaneous emission measurements have been obtained on the following lasers 
441, 583, and 591 (for structural details see Appendix 2). The order in which the 
following results are presented for these lasers relates to the historic development of the 
MIDIR laser from bulk to QWs.
We obtained window emission from sample 441 at 77K, see Figure 2.16. The results 
show that at low cuirents the dominant recombination mechanism is radiative, as the 
gradient is 2.09. At higher cuiTents the dominant recombination is Auger recombination, 
as the gradient changes to 3.01. These results compaie nicely with theoretical data of 
Figure 2.6 a) i.e. number of traps lE12cm'^ at temperature 77K. Unfortunately the sample 
did not lase and therefore it is not possible to know whether the laser would have lased 
before being dominated by Auger recombination processes.
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Figure 2.16 logi to 0.51ogL graph for bulk sample 441. The gradient of the line 
clearly changes to a gradient of 3 from a gradient of 2, showing that at 77K the 
radiative recombination is dominant at low currents.
2.4.2 10QW device at temperatures between 10K to 150K
The measurements seen previously for sample 583 and 441 were carried out in a nitrogen 
cryostat. The set of spontaneous emission results that follow are carried out in a closed 
cycle cryostat so the temperature can be varied between 9.5K to 330K, though results 
above 80K and 150K showed no spontaneous emission for samples 40QW and lOQW 
respectively.
The iOK measurement, see Figure 2.17, shows a gradient of approximately one (1.07) 
changing to a gradient of two (1.93) at a current of 5.62mA. The gradients measured 
would suggest that defects are dominant at low carrier concentrations however as carrier 
concentration increases radiative recombination dominates. This would be expected at 
low temperatures however it is not possible to confirm this with the theoretical model as 
the lowest temperatures that the model is capable of is 77K. At current 24mA the graph
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shows that the spontaneous emission of light is no longer increasing. Unfortunately it is 
not stimulated emission that causes the spontaneous emission to pin, rather this is due to 
some effect associated with the blue shift in the spectrum, see Figure 2.18. The blue shift 
originates from an increase in carrier density (current) in the laser (below threshold). 
With increasing density, the gain spectrum increases in amplitude and its peak moves 
towards higher energy.
583
10K
Gradient Error
+/-0.031.07<E 0.8
Gradient Error0.6
+/-0.0341.93
0.4
0.2
0.0
1.6 1.8 2.0 2.2 2.4
O.SIogL (a.u.)
Figure 2.17 The 583 sample shows that at lOK, the dominant recombination process 
at low currents is defects and at higher currents it is radiative. After this the 
saturation of the light output is due to heating and is not due to pinning caused by
stimulated emission.
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Figure 2.18 The spectra of spontaneous emission confirms that the constant light 
level from the window emission is not due to lasing, but instead from heating.
Figure 2.19 shows three graphs for 30K, 80K, 150K for the lOQW sample. The result for
30K gives gradients of 1.58 changing to 2.85 at higher carrier concentrations. These
gradients would imply that defect and also radiative recombination at lower n (<10*^) are
the dominant recombination processes, however at higher n (>10’^) Auger processes
dominate. Due to strain in the QW samples it is likely that there are more traps in the QW
devices than that of bulk samples. Therefore for a useful comparison with the theoretical
model it is best to look at the data for higher number of traps (lE15cm'^) at the lowest
possible temperature (77K), see Figure 2.6 b). Even though the theoretical data is for a
bulk device and does not work for temperatures below 77K the data compares reasonably
well for lOQW device at 30K in that at lower carrier concentrations radiative and SRH
recombination dominates and that at higher carrier concentrations Auger recombination
dominates.
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Figure 2.19 The dominant recombination mechanism at 30K for sample 583 at low 
currents is between defects and radiative. At higher currents the dominant 
recombination is Auger. At 80K the dominant recombination is defects. The 
gradient at 150K is still 1 leading to the conclusion that defects are still dominant 
even at higher temperatures. The increase in gradient at the end is due to heating 
and not radiative recombination becoming dominant.
Figure 2.19 for temperature of 80K using the clip design to hold the device in the closed
cycle cryostat, shows that the gradient is 1.26, which compares with the results obtained
earlier on a similar, gold wire bonded, sample in a nitrogen cryostat, see Figure 2.15.
When comparing the two results it will be apparent that the current scale differs from that
of the N] cryostat data. This was due to the sensitive nature of these clip devices and so it
was not possible to drive them to higher currents without degradation or bum out
occurring to these lasers. At 80K the gradient was 1.26 this compares very closely with
the theoretical result (1.24) at 77K and number of defects lElScm'^, see Figure 2.6, b).
This would confirm the belief that the strain in the QWs have led to a higher amount of
traps. It is possible that the laser was probably not driven to high enough carrier
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concentrations and therefore Auger domination that is expected theoretically at higher 
carrier concentration is not seen here.
The result for 150K shows that the gradient is 1.18 and 2.28. The gradient at lower carrier 
concentration again agrees very well with theory for bulk for defect carrier concentration 
of lE15cm‘^ , at temperature 150K. However at higher earner concentrations the gradient 
changes to 2.28, which is sharply reduced from the theory for bulk (2.80). This could be 
the first evidence that these devices are suppressing Auger recombination at higher 
temperatures.
2.4.3 The dominant recombination mechanism for 40QW device between 
temperatures of 10K to 80K
Sample 591 lased at lOK, 30K, and 50K. Results were also obtained at 80K, but the 
device did not lase. All spontaneous emission results for the 40QW sample are shown in 
Figure 2.20. All the results obtained below 80K i.e. lOK, 30K and 50K gave a gradient of 
approximately one, which would imply defects are the dominant recombination 
mechanism. When comparing these results with theory for high number of traps at 77K it 
is reasonable to assume that due to lasing that the earner concentration is pinned below 
lO^^cm'  ^and so is not dominated by Auger recombination at higher earner concentration, 
which is seen in Figure 2.6 b). At 80K the device does not lase and here the gradient is 
1.29 this compares very well with the theory in Figure 2.6 b). Due to the sensitive nature 
of these devices the device could not be pushed to higher earner concentrations.
Therefore it was not possible to see whether at 80K Auger would dominate as theory 
predicts, or if Auger recombination would have been suppressed and the gradient 
therefore at higher earner concentration would have changed to two (showing radiative 
recombination dominating). However the third possibility could have been that if the 
sample had lased then neither radiative or Auger recombination would have dominated as 
n would have been pinned below the critical earner concentration.
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Figure 2.20 sample 591 shows a gradient of ~1 for all temperature measurements 
between lOK and 80K. Therefore the device is dominated by defect recombination
mechanism.
2.4.3.1 Using temperature sensitivity to clarify the dominant recombination 
mechanism
Measurements of current threshold are also taken for sample 591 at different 
temperatures (T) to investigate the temperature sensitivity. The characteristic temperature 
(To), which by definition is given by eqn 2.4.1, determines the temperature sensitivity of 
a laser diode.
1 1 dl. Eqn 2.4.1T . i l J  dT
The higher Tq the more stable the laser is with respect to temperature. We use the value 
for To to further confirm our results in §2.4 that showed QW samples are dominated by 
defect recombination. As originally observed by Pankove [Pankove 1968], over a limited 
temperature range, Ith varies exponentially with temperature and therefore was defined by
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hh2 -  hh\ Eqn 2.4.27b(4/z2)
Therefore by simply rearranging eqn 2.4.2 it is possible to measure the value of To by 
taking current threshold measurements for Ui and Ith2 at temperatures T , and T2 (where 
T2 > T|) respectively. The Ith values are obtained by plotting the light output from the 
laser against current and finding where the light value is pinned, see Figure 2.21.
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Figure 2.21 shows LI plot of sample 591 at 30K and 50K giving Ithi and Ith2 of
17.8mA and 25.6mA respectively.
The values for To were plotted on a graph against the average temperature 
T '\~T \<T >= ' ^  ^ I, see Figure 2.22. Using this plot it is possible to calculate how the
results would be if defects were the dominant recombination mechanisms. Unfortunately 
due to the lack of data on trap concentration for InSb there are no experimental results on 
how A varies with temperature. However a general rule of thumb is that the trap sizes in a 
semiconductor remain constant with temperature and therefore the rate at which electrons 
are caught in a trap. A, is simply proportional to the thermal velocity vd of the electron 
through the crystal, vd is proportional to T®^  as the kinetic energy of the electron is equal
to if the electrons are non-degenerate, so AocT® ^ .
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If defects are the dominant recombination threshold then 
hh = M h
Because Jif^  <^T in  the Boltzmann regime, then
Ith = Eqn 2.4.3
where P is a constant
Now by differentiating Ith with respect to T we get
Eqn 2.4.4dT 2
If eqn 2.4.3 and 2.4.4 are inserted into eqn 2.4.1 then
1 dlfh 1 3
Ith d T  2
3 1 
~ I T
So —  =Tq 2 T
Therefore
r o = |7 ’ Eqn 2.4.6
For small differences, between T2 and T 1 we can plot To against <T>, see Figure 2.22.
^ 1 /2
Eqn 2.4.5
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Figure 2.22 Showing To as a function of average temperature. The practical data 
compares very closely to the two theoretical scenarios for defect recombination, 
which are that the defect coefficient is not a function of T and when it is a function
of T®'^ . Results from sample 591.
The comparison between the experimental results with the theoretical results for AocT '^^  
is close but does not match exactly. Therefore we have also shown in Figure 2.22 another 
theoretical model that matches the experimental results more accurately. This 
theoretically calculation is for the case where A is independent of T. This situation is 
possible if there are many electrons so that the lifetime of empty traps is small, i.e. they 
are immediately refilled iixespective of the electron temperature.
Theoretical measurements, of Figure 2.4, and experimental data from spontaneous 
emission results have shown close comparisons when the number of traps in the QWs has 
been estimated to be around 10 ^^ cm'^ . Furthermore Figure 2.3 shows that the number of 
earners injected above threshold is approximately 3 orders of magnitude greater than this, 
i.e. consistant with the above postulate.
Alternatively a second possible reason for Tq experimental results not matching the 
theory is that in practice non-uniform cuivent spreading increases T q. However the theory 
assumes that cuixent spreading is negligible and so Ith = Anth. Cuivent spreading causes 
the cuiTent threshold to be larger which in effect makes To higher. The reason for the 
cuiTent spreading could be due to the windows, which cause the electrons to be highly
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concentrated in places and therefore do not flow evenly throughout the active layer. The 
result is that the active layer in places is saturated and so some of the electrons are 
transmitted through.
2.4.4 Determining the bandstructure of a 121QW device
Sample 531 did lase but had no windows so only facet emission was obtained at 77K, and 
so the dominant recombination mechanism could not be determined. The results 
presented for this sample are to show the band structure of the laser, which can determine 
whether the DOS of the laser acts as a bulk, superlattice or QW. In order to do this the 
facet emission is collected, in the same manner that window emission is recorded, and the 
change in peak energy is plotted. The spectra of the facet emission are shown in Figure
2.23, and the plot of the peak energy shifts as a function of current is shown in Figure
2.24.
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Figure 2.23 Spectra of laser emission from sample 531. The blue shifting of the 
emission peak can be clearly seen. The laser was biased by a pulse 2.5ps and of duty
cycle 50:1.
It can be seen, from Figure 2.23 that the laser peak is blue shifted as current is increased. 
This blue shift is due to electrons that are injected at higher currents filling up higher and 
higher states in the conduction band. Therefore when the electrons are stimulated they
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recombine with holes to create photons that have increasing energy that is detected. The 
changes in energy, as higher states are filled, are then plotted in Figure 2.24 as a function 
of cuiTent.
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Figure 2.24 Increasing the current increases the carrier density and hence also the 
gain peak, therefore measuring the gain peak as a function of current traces out the 
density of states. The peak energy shift when plotted as a function of current shows 
an S-shape, which would be expected for the band energy for a superlattice
structure.
Figure 2.24 shows that the Fermi energy level increases with current as more carriers 
are pumped into higher states. Above 120mA and below 60 inA the fermi level is 
pinned, and this is probably due to sharper rises in the DOS at those points. This is 
consistent with an “S-shaped” superlattice-like DOS.
2.5 Summary
Results have been presented for four different lasers (bulk, lOQW, 40QW and 121QW) 
in this chapter to show the progress made in the understanding and improvement of type 
1 interband semiconductor MIDIR lasers.
Spontaneous emission experiments have revealed the dominant recombination 
mechanisms in the InSb for bulk, lOQW, and 40QW devices. The optimal cunent bias
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was found by reducing the pulse width to 2,5|xs and increasing the duty cycle to 50:1, 
This enhanced the performance of the lasers by reducing the heating in the lasers. This 
pulsed biased cuiTent was used throughout to keep consistency in all measurements. The 
bulk devices showed they were dominated at low cuiTents by radiative recombination 
however at higher cuiTents Auger recombination at low temperatures (80K) dominated. 
Therefore it was necessary to suppress Auger recombination by the use of strained QWs. 
In order to produce a strained QW structure laser a quasi 2D/superlattice (12IQW) was 
developed using theoretical calculations by Kamal-Saadi [Kamal-Saadi 2000]. This 
superlattice structure has been confirmed in this report and therefore it was possible to 
compare bulk and QW structures.
We have taken measurements for two designs of mount for the lOQW laser which 
showed that both types gave comparable figures at 80K i.e. defects were the dominant 
recombination. Further spontaneous emission measurements were obtained for lOQW 
laser for a range of temperatures I OK to I50K. At very low temperatures of lOQW the 
results showed a gradient change from approximately I to 2 as carrier concentration 
increased showing SRH and radiative domination respectively. At 30K the higher 
concentration shows domination by Auger. The result for 80K shows a gradient of 1.26, 
which is very close to the theoretical gradient of 1.24 at low earner concentration for 
number of traps lE15cm'^. The experimental results obtained for 150K also shows a 
close comparison with the theoretical data at low earner concentration, however at higher 
earner concentration the gradient is only 2.3 compared to the theoretical z value of 2.8. 
This shows that the QW device is suppressing Auger recombination.
Similar measurements were recorded for the 40QW device. The values of z below 80K 
were approximately 1 and are therefore SRH recombination dominant. As the device 
lased the caiTier concentration would pin and therefore prevent a change in the type of 
recombination domination, which was seen at low temperatures for the lOQW device 
(which did not lase). The 80K measurements (z=1.29) compares very well with the 
theory (z=1.25) for high trap concentration lE15cm’^ . Again this would show that both
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lOQW and 40QW devices have a higher trap number than bulk devices which is caused 
by the strain in QW lasers.
The spontaneous emission analysis for 40QW sample was further confirmed using 
temperature characteristic measurements, which showed that the lasers were dominated 
by defects. These results show that future QW devices will need a larger buffer layer 
grown in order to prevent defects spreading into the active region.
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3.1 Introduction
This chapter looks at the effect of an applied magnetic field to a 2 dimensional electron 
gas (DEG) in order to examine the so-called phonon bottleneck effect. Recently there 
have been much interest in the rate of earner cooling in confined structures such as QDs, 
where the energy levels are more defined. This is because it is important in the design of 
QD lasers, and nano-technology. One popular debate is about the so-called "phonon 
bottleneck" [Bockelmann 1992]. Longitudinal optical (LO) phonons normally have a 
very fast scattering rate with electrons, in the region of Ips. Therefore a hot electron is 
very likely to lose energy to a LO phonon. However this process may be prohibited, 
which happens when the energy loss required by the excited electron is not an integer 
value of the LO phonon energy, due to their very small dispersion energy. Therefore, 
unless the transition energy is resonant with the phonon energy, the process is 
suppressed, and this is often the case in fully quantised systems like QDs. However there 
are several mechanisms such as Auger processes [Bockelmann 1996], excitonic effects 
[Schroeter 1996], defects related processes [Steer 1996], and multi-phonon scattering 
[Heitz 1998] that are also fast, and which may prevent phonon bottlenecking from 
occuning. Conflicting results have led to a debate on whether phonon bottlenecking 
occurs in quantum dots (QD)s and quantum wires (QWR)s. This is due to the difficulty in 
narrowing down contributions from all possible processes to the scattering rate, unless 
you use a system where other possibilities are suppressed. Further complications are 
caused by the relative infancy of the growth techniques for QWRs and QDs. Therefore 
QDs that are produced vary randomly in size and composition, which all lead to 
uncertainties in the results obtained. The results in this chapter are unambiguous as the 
QDs and QWRs are foiTned by magnetic fields on bulk and quantum well (QW) samples 
and devices. QW growth is no longer in its infancy and therefore the developments have 
led to very pure samples and devices. By putting a QW in a magnetic field the trajectories 
of carriers are confined in x-y plane and a quasi quantum wire/dot can be created 
[Arakawa 1982, Arakawa 1983] with tuneable size.
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The first part of this chapter investigates an InAs/AlSb QW sample with an applied 
magnetic field perpendicular to its growth direction in order to create a quasi/Landau 
quantum dot. Here it is shown that the so-called phonon bottlenecking in the quasi-QD 
does exist, showing a clear suppression in the cooling rate from a value of lO^ s^'* when 
the level spacing is equal to the LO phonon energy, to 10‘°s'‘ when away from resonance. 
Furthermore the lifetime in QDs was shown to be unaffected by temperature increase 
from 4K to 80K. Due to the intraband techniques used to examine the phonon bottleneck 
effect we are clearly unaffected by processes which might dominate interband 
photoluminescence measurements in dots and quasi dots, such as electron-hole scattering. 
However, by the same token, we cannot say that these other processes will not dominate 
in undoped samples.
In order to investigate whether the LO phonon bottleneck is significant in interband 
experiments and devices, we used the same magnetic-field induced "quasi" wires and 
dots. §3.5 examines the effect of a magnetic field parallel to the growth direction of a 
bulk and MQW MID-IR laser (similar in design to that described in chapter 2). In chapter 
2 we introduced the importance of the MID-IR in teiTns of applications, but also have 
illustrated the difficulties in fabricating such a device [Ashley 1997, Pidgeon 1999]. The 
main reason for this is the naiTow bandgap that causes Auger recombination, which is a 
non-radiative mechanism. This section also looks at the affect of Auger recombination 
and shows that by using a magnetic field to simulate a quasi (Landau) quantum wire that 
the cuiTent threshold can be reduced. This technique shows what further enhancements to 
MID-IR lasers are possible with higher dimensional confinement. The second part shows 
evidence in bulk and MQW structures of phonon bottlenecking when devices are placed 
in a magnetic field to cause quasi QWR devices. These are believed to be the first results 
to show phonon bottlenecking in a device. The quasi QWR device result shows that the 
Ith is reduced by 30% which is due to absorption losses being overcome by the higher 
differential gain as the DOS is peaked. Evidence of the phonon bottleneck is shown to 
occur when the quasi QWR is below or above Ith at OT. Both sets of measurements show 
that when the Landau level separation energy equals the LO phonon energy ( E l o )  for the 
active region (InSb) the light output increases. However at 8T the magnetic field switches
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the laser off which is possibly due to the suppression of electron relaxation, as at this 
field the level separation is greater than E l o -
A MQW sample was used to further analyse the effects of magnetic field at temperatures 
of 20K, 40K, and 60K. The increase in temperature caused the hh to increase, which is 
due to Auger recombination. At all these temperatures there were several common 
features. Firstly there is initially a decrease in cuiTent threshold as magnetic field is 
increased due to the DOS peaking, which increases the differential efficiency of the 
device. At higher magnetic fields, approximately 4T, there was an exponential rise in Ith 
due to magnetic freeze out of earners causing poor optical confinement. Furthermore all 
temperature measurements showed several oscillations similar to that seen in the bulk 
device and therefore it is possible that it may be due to LO phonon bottlenecking.
These results lead to overwhelming evidence that phonon bottlenecking does indeed 
exist, and, moreover is likely to be significant in interband quantum dot or wire devices.
3.2 [ntraband scattering in QD‘s: The phonon bottieneck
The performance of both interband and intraband emitters is affected by the rate of 
non-radiative intraband scattering. Obviously intraband emitters require a slow rate, 
but the situation in interband devices is more subtle. If the rate is fast, this will allow 
electi'ons in excited states to relax quicldy to the band edge and help provide 
population inversion. However, a slow rate will only be detrimental if the processes 
such as leakage over the heterobanier. Auger scattering etc are given time to play a 
role. The deshability of the phonon bottleneck and its impact thus depends on the 
application and the sti*ength of these other processes.
There are many types of non-radiative intraband scattering mechanisms. Results 
previously obtained [Gomik 1978, Allan 1985, Leheny 1979, Ryan 1984, Shank 1985, 
Tatham 1989, Hohenester 1993] using saturation techniques and time resolved 
measurements have shown for bulk and QW materials that the dominant scattering 
mechanisms depends on the carrier density and energy levels of the sample. At low 
carrier density and with the energy separation less than the optical phonon energy the
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dominant scattering mechanism is acoustic phonons. The acoustic phonon scattering 
mechanism has a lifetime of lO'^-lO'^ sec [Gomik 1978, Allan 1985, Yamada 1973] and 
is only slightly earner dependent. When the earner density is moderately high, and the 
energy separation is below the optical phonon energy the dominant mechanism is cairier- 
to-carrier scattering [Maran 1994] i.e. Auger processes. The caiTier-camer scattering rate 
is approximately Ins in low earner density though it is strongly earner density dependent. 
For samples that have energy levels greater than the optical phonon energy the dominant 
scattering mechanism is optical phonons. The very fast scattering rate of optical phonons 
is approximately Ips, but is earner density dependent if Pauli blocking comes into play. 
The problem with determining the bulk dominant scattering mechanisms in high carrier 
density samples is that the canier-caiTier rate can be as high as lOps [Ryan 1984, Shank 
1985] and the LO phonon rate is around 10-30ps [Inoshita 1992, Bockelmann 1992, 
Bockelmann 1996, Schroeter 1996, Steer 1996, Heitz 1998] so results are hard to 
differentiate.
Similar results analogous to the phonon bottlenecking have been reported for a long time 
in Landau level lifetime (LLL) measurements [Bockelmann 1990, Lee 1995, Barnes 
1991, Nicholas 1985]. The variation in the LLL has been identified as the reason for the 
magneto phonon resonance (MPR), which appears in measurements of conductivity 
versus magnetic field [Barnes 1991]. However it has not been experimentally verified, 
nor has the actual magnitude of the variation in lifetime been determined before. The 
effect of magnetic field perpendicular to a QW sample causes the DOS to mimic that of a 
QD [Bockelmann 1994] and we have temied it a Landau (quasi) QD. This system has the 
great advantage that the magnetic field strength vaiies the Landau levels energy 
separation (eqn 3.2.1), and therefore it is possible to tune the levels. For resonant (i.e. 
fast) phonon scattering the LO phonon energy has to equal some integer of the cyclotron 
resonance energy which is represented by the following formula
tslfiCûQj^  — hcOiQ Eqn 3.2,1
This coiTesponds to the situation when an electron relaxes by jumping down A1 Landau 
levels by emitting one LO phonon [This is in contrast to the multiphonon case where an
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electron jumps down one LL but emits multiple phonons]. Where hcocj  ^ is the cyclotron
resonance energy; A1 is an integer, and /zo)lo is the energy of the LO phonon. Therefore if 
/S^ lhcocR ^  then there is a suppression i.e. bottleneck in LO phonon scattering. In 
analogy to looking at discrete levels within a spatial quantum dot then intraband spatial 
separation energy equals ^colo-
3.3 Experimental procedure
The experiment is to look at various energy levels created by a magnetic field that varies 
the Landau level separation which electrons are excited to. If phonon bottlenecking does 
exist then when Landau energy separation is equal or a multiple of the LO phonon energy 
the rate at which electrons relax should increase.
There were two different types of non-linear optical experiments that used light from the 
free electron laser (FEL) to show if phonon bottlenecking is indeed present in QDs. The 
reason two experiments were peifoiTned was that the first experiment, which uses a pump 
probe technique, finds the lifetime of electrons as they relax to the ground state, but only 
works when the lifetime is longer or equal to the FEL micropulse duration. The second 
experiment was a saturation technique, which only finds the lifetime when it is shorter or 
equal to the pulse duration. These techniques are explained in detail in §3.3.1 and §3.3,2 
below. Therefore combining the pump probe and the cyclotron resonance technique gives 
the inverse lifetime whether greater or less than the micropulse duration of the FIR. NB 
this is only a technical consideration, and given a FIR laser with an ultra-short pulse 
pump probe measurements would always be used.
For these experiments the sample needs to be saturated with photons so that there is a 
known excited electron distribution, and so that non-linear optical measurements can be 
made. Saturation and pump and probe techniques both rely on inducing an optical change 
in transmission, by exciting the electrons to a distribution with equal numbers in all 
available levels. When this situation is reached no more excitation can take place as 
absorption equals stimulated emission, and therefore net absorption drops to zero. 
However, in an infinite harmonic ladder the number of electrons in each state can never
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be all equal, as there are always more empty levels above, see Figure 3.1. Therefore the 
type of sample is very important to these experiments, and was chosen due to its non- 
parabolicity of its energy levels. The non-parabolicity leads to Landau level transitions 
that are not resonant at higher energies and this effect operates over a large range of 
fields. However parabolic bandstructures can, under the influence of the polaron effect, at 
a certain magnetic field strength, be bent out of resonance and therefore be saturable. The 
polaron effect has been used to do this in GaAs [Maran 1994, Heiss 1995]. However the 
polaron effect only occurs at very specific fields, and reduces the usefulness of the 
technique.
-LU
non-resonance due to 
samples non- -  
parabolicity
resonance LL]
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resonance
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b
Figure 3.1 a) The InAs/AlSb sample shows that higher Landau levels energies are 
not resonant with each other due to non-parabolicity of band energies, b) If GaAs 
was used instead Landau level separation would be resonant and thus electrons 
would continually go to higher Landau levels.
The sample used is a narrow gap semiconductor InAs/AlSb QW grown by molecular
arebeam epitaxy (MBE) at Imperial College London. The InAs well widths 15nm, and are 
grown between 20nm thick AlSb barriers that were capped with 12nm GaSb, on undoped 
GaAs substrate. To prevent defects from mismatch in lattice constants between the wells 
and substrate there are two thick strain relaxing layers of 0.8pm GaSb and 0.8pm AlSb, 
followed by a 10 period superlattice (2.5nm AlSb, 2.5nm GaSb) that are grown on the 
GaAs substrate. Its energy gap is approximately 0.42meV. It has a non-parabolic band 
structure, and therefore the Landau levels at higher energies are not resonant. The results 
cover a range from the lowest frequency available from the laser at the time of I3.7meV
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(90pm), to the highest frequency of 40meV (28pm) which was limited by the 
superconducting magnet (14T).
Transport (Hall effect) measurements at Imperial College determined the earner density 
of the sample at 4K to be 5*10^‘cm’^  (8.5*10^ ^ cm'  ^at 77K), and has a mobility of 
262000cmWs.
3.3.1 Pump Probe measurement of LL lifetime
The pump probe experiment is based upon a non-linear change in the absorption 
coefficient caused by an intense optical pulse called the pump (or excite) pulse. The 
change in absorption is found using a probe pulse that is approximately 10% the intensity 
of the pump pulse. The probe pulse measures the absorption change as a function of the 
delay between the two pulses (At). Atmax sets the upper limit of the temporal resolution 
while the duration of each individual probe pulse determines the lower limit. In the 
experiment presented here, Atmax was typically around Ins while the pulse duration time 
was approximately Ips, i.e. processes with a characteristic time longer than the pulse can 
be resolved. This is a degenerate pump and probe experiment i.e. the pulses have the 
same wavelength (whereas later on in the thesis a two-colour pump probe set-up is used 
to explore QD structures). The degenerate experiment can be used to explore either 
interband or intraband transitions. However the experiment used here is for intraband 
transitions and therefore uses a photon energy equal to the separation of the lower energy 
Landau levels of the sample. Using this technique the intrinsic electrons in the ground 
Landau level are excited by the pump beam. The probe pulse coming afteiivards is 
either also absorbed by electrons which have relaxed back down the Landau level ladder 
to the ground Landau level or transmitted through the sample, see Figure 3.2. The 
detected signal (transmitted probe beam) is at maximum when both beams airive at the 
sample at the same time. This is a consequence of the electrons that have been excited by 
the pump having no time to relax back, and therefore there are very few electrons in the 
ground Landau level to absorb the probe. As the delay is increased the electrons have 
more time in which to relax back to the ground state and therefore, when the probe beam
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airives, these electrons absorb some of the photons, consequently reducing the 
transmitted probe signal.
The sample is placed in a horizontal bore magnet that has a maximum magnetic field 
strength of 6T, see Figure 3.2. The reason for using the 6T horizontal superconducting 
magnet instead of the 16T vertical superconducting magnet used for the second part of 
the experiment is twofold. Firstly the two beams need to be focussed on the sample at 
exactly the same place. This requires careful aligning of both beams that could not be 
earned out in the vertical bore 16T magnet due to poor visibility. Secondly the probe 
pulse needs to be detected separately from the pump, therefore due to the small areas 
within the sample tube of the magnets the detector needs to be outside the magnet for the 
probe pulse only to be detected. This requires a magnet with two windows one for 
transmitting the light in and another to transmit the light out. Unfortunately the 16T 
magnet has only one window so a 6T horizontal bore magnet with two windows at 
opposite ends is used. Therefore the highest photon energy for the pump-probe 
measurements are limited to 18meV, as Landau level separation greater than this requires 
a magnetic field larger than 6T.
The pump probe experiment set-up is shown in Figure 3.2. A ZnSe (0.6pm-21|xm) 
beamsplitter is used to split the FIR pulse into a pump and probe pulse which are 95% 
and 5% of the original FEL respectively. The two different intensity beams take different 
optical paths. The probe pulse goes to a retroreflector, which is on a motorised translation 
stage controlled by a PC. The moving minor is used to put an optical delay between the 
probe and the pump. The probe then goes through a calibrated wire-mesh attenuator to 
independently control the intensity so as to achieve linear absoiption i.e. below the non­
linear part of the saturation curve. A parabolic minor focuses the probe pulse on to the 
sample, the peak intensity at this point is estimated to be lOOWcm' .^ The pump pulse is 
also focussed on to the same point, and its intensity calculated to be approximately 
IkWcm'^, but the route it takes from the beamsplitter is different; N.B. the slightly 
different focussing accounts for the altered intensity ratio (i.e. 5%:95% is different from 
100:1000W). It is then passed through a chopper, which is synchronised to the FEL, so
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that every other pump macropulse is blocked. Blocking the pump gives the background, 
i.e. it helps measure the change in the probe transmission due to the pump. Additionally it 
measures any changes in the probe intensity due to misalignment caused by the 
movement of the retroreflector. Blocking the probe occasionally gives the level of pump 
leakage and takes into account of noise on the probe and misalignment (walk-off) of the 
probe beams. Once the pump and probe beams are focussed and aligned to the same area 
on the sample the beams are partially transmitted through the sample. The photons of the 
pump and probe beams that are not absorbed by the sample and are transmitted through 
are collected and collimated by a parabolic mirror. Again the pump and probe beams take 
different paths and therefore the Ge:Ga He cooled detector is placed in such away that 
only the transmitted probe pulse is detected. Each measurement carried out is completed 
with a fixed magnetic field set at the peak of the resonance of the fixed FIR energy.
Probe
Parabolic 
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DelayPump
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Figure 3.2 Two beam pump probe setup, used to find the inverse lifetime of 
electrons relaxing from Landau level states.
3.3.2 Saturation measurement of LL lifetime
Cyclotron resonance saturation measurements were also used to determine the scattering 
rates. The technique has been used to find the scattering rates in bulk materials [Gomik 
1978, Allan 1985], later on hetrostructures [Helm 1985, Maran 1994, Heiss 1995], and 
now on QWs [Murdin 1999].
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Like the pump probe experiment it is important that the sample has a non-parabolic 
bandstructure, otherwise the saturation of the sample cannot be achieved. The concept of 
looking at the scattering mechanism is that light hitting the sample will excite electrons to 
higher Landau levels. If the rate of photon absoiption is higher than the rate of electrons 
relaxing back to the electrons will be rapidly saturated, and the rest of the light pulse will 
pass through the sample. So the light passing through the sample can therefore be 
detected, and the more light that is detected the slower the rate of earner relaxation. 
Conversely if the rate of photon absoiption is low (i.e. for low intensities) there will 
always be plenty of electrons available for absorption and the whole pulse will 
experience absoiption. Measurements of the intensity at which the absoiption is half 
saturated therefore gives a measurement of the lifetime.
The line fit of the data is used to find the saturation intensity. This value is found using 
the following equation [Helm 1993], which comes from saturation of a two level system.
P  =  — . Eqn 3.3.1'n/J
Where Pq is the peak absorption value, is the peak intensity and P is the peak measured 
absoiption and Lat is the saturation intensity.
^sat ~  TTZT  ^ Eqn 3.3.2hco 2(7T
Where Isat is the saturation intensity, a  is the absoiption cross sectional area, t  the earner 
lifetime, and Tp the micropulse duration. This foiTnula was derived in [Geerinck 1995] 
for a two level system and a top-hat shaped light pulse. In the situation where the pulse is 
very short, the dynamic equilibrium does not have time to build up. Effectively the 
lifetime is infinitely long, and the degree of saturation depends only on the total number 
of photons in the pulse, not the rate. In other words the saturation intensity depends on 
the pulse length, not the lifetime. This is why saturation measurements only work for 
pulse lengths far greater than the lifetime.
f >>?P Eqn 3.3.3
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In order to relate the saturation intensity to the lifetime we need to find the absoiption 
cross-section. The absorption cross sectional area is assumed to be a constant value for 
the experiment and therefore once this is known it is possible to find the value of the 
earner lifetime for all the saturated cyclotron resonance measurements. To calculate the 
absorption cross sectional area we used a result from the pump probe experiment that has 
already determined the earner lifetime for a specific wavelength and magnetic field 
where the micropulse duration was known to be shorter than the lifetime.
Now due to the magneto phonon resonance effect the rate at which earners relax to the 
ground state should increase when %coio ~ • On resonance the sample is harder
to saturate and so the intensity of the FIR will need to be increased in order to saturate the 
sample.
A free electron laser supplies the FIR energy used for this experiment. The intensity of 
the FIR is transmitted in macropulses. Each macropulse has a width of 4 |lis and a 
frequency of 5Hz. These macropulses are made up of micropulses which are 1-lOps in 
width and 40ns in duration, they have an energy of 1-lOpJ. The detector rise time is fast 
enough to detect the macropulse but not the micropulses. Each result uses a fixed 
frequency of FIR while the magnet is swept from 0-14T. When the Landau level 
separation is equal to the phonon energy of the FIR there is a resonance where there are 
more photons being absorbed by the sample. This can be seen in Figure 3.3 for a FIR 
energy of 61.1p.m. Figure 3.3 shows broadening of the cyclotron resonance at the highest 
intensity, which is due to heating effects. Also it can be seen that the peak shifts as the 
attenuator is decreased as electrons are sent further up the non-resonant Landau levels 
(higher levels have resonance at higher field due to non-parabolicity).
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Figure 3.3 Several cyclotron resonance measurements at different attenuations, at a 
FIR wavelength of 61.1fim (20.2meV), before being fit with a Lorentzian linesbape. 
OdB corresponds to approximately 271kW/cm^. It is not necessary to know the exact 
intensity of the FIR as we calibrate the measurement using the pump probe
experiment.
The sample is fixed with heat-conducting silver loaded epoxy, face down around a 
pinhole at the end of a light pipe (cupronickel tube). The pinhole is to let light hit a 
selective area of the sample, and also prevent light inadvertently straying and hitting the 
detector without passing through the sample first. A detector is placed about 5mm away 
from the sample to detect the light passing through the sample, see Figure 3.4. The 
detector is a carbon resistor manufactured by Allen Bradley. The carbon has a resistivity 
that is strongly dependent on temperature less than lOK, so FIR light, which heats up the 
carbon changes its resistance. In this way the resistor acts like a bolometer detector 
(thermistor) and therefore a change in resistance in turn changes the current passing 
through the detector and so the collected signal varies in accordance to the light shining 
on it. For heightened sensitivity the detector used came from small pieces (approximately 
4mm*2mm*Imm) of carbon that were sliced from Allen-Bradley resistors and contacted 
with copper wire and silver loaded epoxy. The detector is then connected to vacuum 
feedthroughs so that a bias current can be passed through the detector and thus a PC can
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record the change in the current. A second Allen Bradley resistor is placed in the light 
pipe before the sample as a reference in order to detect fluctuations in the PEL.
Pinhole
D etector
n v
S am p le
Figure 3.4 The positioning of the sample and detector in respect to the light coming
through the pinhole.
Before cooling, the system is flushed with helium exchange gas so that air and water
vapour were removed. The He gas acts as a thermal exchanger in the inside of the sample
tube so that the He bath of the magnet cools the sample to 4K. The light pipe is then
placed inside the magnet, see Figure 3.5, in such away that the sample is in the Faraday
configuration (i.e. light and magnetic field are normal incidence to the sample).
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Figure 3.5 Vertical bore magnet with sample placed in the Faraday configuration. 
The light is directed down the sample tube to the sample the light that transmits 
through the sample is detected by an Allen Bradley detector.
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Using the cyclotron absorption it was calculated that the effective mass of the electron 
was 0 . 0 3 5 m o ,  where m o  is the free electron mass.
The LO phonon lifetimes for various levels were calculated [Murdin 1999] which is 
shown in Figure 3.6.
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Figure 3.6 Results of calculated rate of selected phonon scattering —  for different
^trpairs levels [Murdin 1999].
Generally speaking LO transitions with Al=l are fast (high value of ), and the rate
decreases as A1 increases. The rates are resonant at the field where Ei-Er = hoxx), and 
broadly speaking the resonance for A1 =2occurs at half the field of the fundamental Al=l 
resonance (and the Al=3 is at a third the field etc etc). Among the Al=l resonance, the 
resonance shifts slightly due to non-parabolicity.
3.4 Results of pump probe and saturated cyclotron resonance
From the data collected from pump probe and saturated cyclotron resonance it is possible 
to calculate the lifetime of the carriers in the material. The results of the pump-probe 
experiments are shown in Figure 3.7. The transmission of the probe is maximum at zero 
delay with respect to the pump, and decays exponentially at later times. The curves on the
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figure are fits to a two level model with a single exponential lifetime [Murdin -private 
communications]. Alternatively lifetime may simply be read from the data as the time at 
which the transmission decays to 33% of maximum. Figure 3.7 shows the fit for 15meV 
and 18meV at 4K and 80K.
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Figure 3.7 Differential probe transmission vs optical delay.
Using eqn 3.2.1 and knowing that for In As [Landolt 1982] that the LO phonon energy is 
29.8meV then the resonant phonon scattering is at approximately 29.5, 14.75, 9.8meV 
etc. Therefore referring back to Figure 3.7 then 15meV is near to the resonance of 
phonon scattering and 18meV is further away from resonance. The results were measured 
for two different temperatures 4K and 80K to see if the resonance effect was also 
temperature dependent. From these results there is a slight shift in lifetime with the 
values at 4K paradoxically showing a lifetime increase at higher temperature. The results 
presented here are consistent with previous experiments on InAs/GaSb [Vaughan 1996, 
Murdin 1997a, Wu 1997]. Though the results obtained for InAs/GaSb did not use the 
pump probe experiment method and therefore there were systematic uncertainties in the 
absolute lifetime quoted and the material used had a much lower mobility of
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40000cm^/Vs and broader linewidth compared with the results presented here. Therefore 
it was not possible to determine the phonon bottleneck or accurately measure the lifetime 
away from phonon resonances as reported here. Furthermore the higher temperatures 
were not attempted.
It has been shown by theoretical QW models [Lee 1995] that the intersubband caiTier 
cooling is enhanced when the energy level separation is equal to the energy of the LO 
phonon. The existence of suppression of cooling of caiiiers in wide quantum wells has 
been observed when the subband separation is less than the LO phonon energy. Our 
sample at a zero magnetic field (i.e. QW) has states that exist at the phonon energy away 
from subband minimum. Therefore by increasing the temperature above the activation 
energy this bottleneck effect can be overcome. For this case of the QW the temperature 
necessary to increase above activation energy to prevent bottlenecking is 35K [Murdin 
1997b], however this depends on energy separation and phonon energy (material 
dependent). When measurements were recorded for the Landau QD the bottleneck was 
still prevalent even at a temperature of 80K. It should be expected that when the 
temperature increases the cooling lifetime decreases as the mobility of electrons start to 
drop (i.e. 262000cm/Vs at 4K to 20000cm/Vs at 300K). Furthermore at 80K kBT~^ CûLo/5 
and therefore there is a non-negligible phonon population which also contributes to a 
decrease in the cooling lifetime. However if we carry on increasing the temperature there 
is an increase in the broadening which enhances the scattering processes off resonance 
and therefore the lifetime decreases.
Using the data from the cyclotron resonance experiments and combining them with the 
pump probe data it is possible to extend the range of the phonon bottleneck measurement. 
To combine the two experimental results the cyclotron resonance absoiption plots are 
used to find the saturation intensity. The saturation intensity is found by plotting peak 
absoiption against the intensity of the FIR pulse (1^ ) shone on the sample. The intensity 
of the FIR is found assuming a time bandwidth limited Gaussian pulse of Gaussian spot 
size, see eqn 3.4.1 using the following formula [Vaughan 1995], which is taken from
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1 ^ = -  Eqn3.4.12 V ^in2 r fju A
Where the frequency of the micropulse (f^), transmission (T), and the radius of the 
illuminated spot on the sample (r) were constant throughout the measurements and values 
for them were IGHz, 0.1 [Vaughan 1995], and 0.75mm respectively. Whereas the 
macropulse energy (Em), the macropulse length (tM), the wavelength (À) and FWHM (AA,) 
were recorded for each new measurement.
The normalised transmission was measured as a function of magnetic field, and at several 
different intensities, for a fixed photon energy (which corresponds to the Landau level 
separation). See for example Figure 3.3 taken at 20.2meV. The peak absorption was read 
off each CR trace, and plotted as a function of intensity, e.g. see Figure 3.8 taken at 
43.8meV. The two level model described earlier, Eqn 3.3.1, was fitted to each curve 
using Isat as a fitting parameter. Isat is proportional to the Landau level lifetime desired, 
but involves a second unknown parameter, the absoiption cross-section a. In other words, 
a plot of Isat vs photon energy is equivalent to a plot of inverse lifetime vs level 
separation. All that remains is to determine the scale factor, i.e. a, and this is done by 
calibrating the saturation curves with the pump-probe measurements described in Figure 
3.7. This was done by utilising the knowledge that the unknown lifetime may be removed 
from Isat when it is longer than the pulse duration; Eqn 3.3.3. In that case, if Isat and Tp are 
known then O'may be determined. We used a pulse of duration of lOps and measured 
at 18meV where the lifetime was known to be 40ps from Figure 3.7, and hence 
determined a. We do not quote <7 as there are lai'ge absolute errors in I  due to uncertainty 
in the transmission of light in the system down to the sample. However, the relative error 
when attenuating or changing photon energy is negligible, and thus our calibration with 
the pump-probe data eliminates any systematic error in T. The inverse lifetime was then 
plotted against the Landau level separation energy in Figure 3.9, which is a composite of 
the the saturation and pump-probe measurements.
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Figure 3.8 shows peak absorption versus peak intensity for the FIR wavelength of 
43.8meV (28.2pm). The red and green are the results for the downward and upward 
sweep respectively, and therefore the two results account for the hysteresis effects
by the magnet.
An alternative method to find Lat is to integrate the Lorentzian lineshape of the cyclotron 
resonance [Vaughan 1995]. This has the advantage that the heating effects, which 
broaden the line caused by the intensity of the FIR do not affect the results. In the case of 
heating, the integrated area does not change whereas the peak absorption falls.
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Figure 3.9 The plot of inverse lifetime against level separation energy shows peak 
values in the scattering rates when level separation energy is equal to some integer
value of the LO phonon energy.
The cyan filled circles are results obtained by the pump probe measurements at 80K. The
open circles are the results obtained using the pump probe and cyclotron resonance
techniques at 4K.
A theoretical model, calculates the line to these points. It works by calculating the overall 
rate that electrons fill and empty various energy levels [Maran 1994, Singh 1998].
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V<1
f l ^ ~  f v )
nv /'> / '^vi
Eqn 3.4.2
Where 0  = II(2Nha>) is the photon flux density per electron, Ai is the absoiption from 
level l-^l+l, Tir are the LO phonon lifetimes, 1 is the incident laser intensity, N is the total 
earner concentration and f| the filling factor of level 1. A, is defined as [Mitchell 88]
or.
A i = Eqn 3.4.3
where r| is the refractive index of the substrate, ao=eoc is the conductivity of free space 
and <j| is the filling factor dependent real-part of the conductivity given by
2 * e  m  T.cr
1=2 m + 1^ 0) -  jf
where Ter is the momentum relaxation lifetime given
\fcr 1^^^
Eqn 3.4.4
'^ cr - meAB
AB is the HWHM of the resonance.
Eqn 3.4.5
The rate equation (eqn 3.4.2) has three terms the first term is the absoiption of light by 
electrons. The second term works out the rate that electrons empty out of state 1 to lower 
states, whereas the third terni calculates the rate at which electrons fill state 1 from above. 
Values 0 , f|, Ai-i, Au and fr are collected from the pump probe data.
The theoretical model works on the assumption that the material is at equilibrium before 
being excited by a beam of photons. At equilibrium there is no change in the rate of 
electrons flowing from one level to the next, and therefore the second and third ternis of 
eqn 3.4.2 are zero. When a ray of photons is absorbed by the material electrons are 
excited to higher levels. The filling rate of the ground and higher excited levels are 
calculated using the first and second terms. Electrons that have been excited to higher 
levels begin to relax back down to the lowest level in order to reach an equilibrium state
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and therefore the third tenn has to be calculated along with the first and second terms. 
The LO phonon lifetime can be significantly reduced by a factor of 60 between 
resonances, i.e. when level separation is not equal to the LO phonon energy, and we have 
therefore conclusively demonstrated that the phonon bottleneck exists.
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3.5 Interband narrow bandgap devices in a magnetic field
3.5.1 Overview
Section 3.4 showed that phonon bottlenecking does occur in intraband measurements on 
n-type Landau confined structures and therefore it would be interesting to examine 
whether phonon bottlenecking would occur in Landau interband confined devices. The 
simplest way to study the properties of QD and QWR devices is to use a magnetic field 
on a bulk or QW device to produce a quasi (landau) quantum wire/dot.
Devices can be electrically or optically pumped in order to excite earners to higher 
energy bands. The earners then relax to the edge of the bandgap via several relaxation 
mechanisms, however the fastest is phonon scattering. If phonon scattering is suppressed 
then, the cuiTent threshold (Ith) increases.
Peaking the DOS improves the differential gain because every electron added increases 
the gain at a fixed energy rather than being spread over lots of energies. Increasing the 
height of the peaks at the same time increases the concentration needed for transparency 
because more electrons are needed to fill it by 50%. These two effects compete against 
each other, and whether the lasing threshold concentration is increased or not depends on 
the threshold gain (i.e. the loss), see Figure 3.10.
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Figure 3.10 The magnetic field may either improve or worsen the performance of 
the laser. It depends on whether the gain threshold is high or low i.e. above the 
intercept of the two lines the performance of the laser is benefited by a high
magnetic field.
3.5.2 Experiment
The sample was placed in a specially designed sample holder. The sample holder allows 
light from the laser to be reflected at 90® using an aluminium mirror, so that when placed 
in the vertical bore superconducting magnet the light is able to exit.
AB
Figure 3 . 1 1 sh ow s the sam ple  
holder position  when B -fie ld  is 
applied along the growth  
direction o f  the laser. The  
fo llo w in g  enum erated list 
corresponds to the num bers on 
the diagram . (1 ) laser, (2 ) A llen  
B radley detector, (3 ) AI mirror 
(rem oved for experim ent 
in v o lv in g  B -fie ld  applied along  
cavity  d irection), (4 ) heater, (5)  
Link via copper braid to H e- 
bath, and (6 ) T eflon  insulator.
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The sample holder has an Allen Bradley detector adjacent to the laser that was used as a 
backup to detect the light from the laser in case the magnetic field pushes the laser out of 
alignment, which would mean the emitted light would be unable to escape from the 
magnet. Also it was used to give a first indication that the laser is working, A heater was 
added so that the temperature dependence of the device with the magnetic field could be 
analysed. The temperature variation was detected using a second Allen Bradley detector. 
Finally a copper braid link was used to give good thermal conduction between the He 
bath and the sample holder. The sample holder was placed in the vertical bore 
superconducting magnet in the same manner that was described previously, see §3.3.2. A 
cuiTent probe was used in order to measure the cunent flow through the device. The 
cuiTent probe converts the cuiTent signal to a voltage that was measured on an 
oscilloscope from which a PC collected the data.
The light exiting from the magnet was reflected through a set of stainless light pipes 
which has a series of min ors in the comers. The light pipes are flushed with dry N gas, so 
that the light was not absorbed by air, and the light was directed to a MOT detector. The 
reason for the light pipe was so the MCT detector was placed far enough away to prevent 
the response of the detector being affected by the strong magnet field. Once everything 
was connected and positioned the laser was switched on with a duty cycle of 1:400 and a 
pulse duration of 5\is these values are chosen to avoid excessive heating.
3.5.3 Results and discussion
The following set of results which are presented were canied out on two different lasers. 
Both these laser have been described in chapter 2. The first laser that will be discussed in 
the results is bulk InSb, sample number 441. The second set of measurements were 
earned out on a 121 QW InSb/Ino.9 0 4Alo.o9 6Sb laser sample number 531.
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3.5.3.1 InSb bulk sample
The results presented in Figure 3.12, show that the gain threshold (gth) of the laser is 
sufficiently high that an increase in magnetic field lowers the Ith- InSb based
lasers have large absoiption losses because optical confinement is made with 
degenerately doped InSb, not via a wide bandgap heterobaiiier, and therefore the result is 
expected. In fact the increased electrical confinement due to the magnetic field has 
reduced the Ith by 30%. Another effect that would cause a drop in Ith due to an increase in 
magnetic field strength is the reduction in Auger recombination. As the magnetic field
strength increases, the lowest energy transition is raised to E g , see eqn 3.5,1.
Eg = Eg + ) Eqn 3.5.1
Where Eg is the energy gap, co^  and co^  is the cyclotron frequency for the electrons and
holes respectively. The increase in bandgap therefore lowers the amount of intrinsic 
earners and so Auger recombination is reduced. The increase in bandgap from OT to 5T 
is 17meV, which in zero field would reduce CHCC Auger coefficient by 10%
(Kotitschke 1999). A 10% reduction in the Auger coefficient is not enough to reduce Ith 
by 30%. Another mechanism to explain the drop in Lh is the change in the polarisation 
selection rules in light because the magnetic field lifts the degeneracy of the valence 
band. Unfortunately due to the sample position confined to a small volume, analysis of 
the polarisation of the laser could not be perfoiTned using this experimental set-up.
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Figure 3.12 Decrease in current threshold as magnetic field increases, for InSb bulk 
device in a magnetic field applied along the cavity at 4K.
From the results shown in Figure 3.12 it was seen that Im would drop as the magnetic
field increased. Therefore the cuiTent through the device was fixed at 40mA, which was
just below threshold at OT. As the magnetic field was steadily increased to values greater
than IT the device started to lase, the result is depicted in Figure 3.13.
93
LO phonon bottlenecking effect on naiTOwband gap materials and devices
L L - N250
200
150
100
50
0
Cumnt;b«lci(w I,j, at B=OT 
Temp.: 4.2K8
6
CL 4
0 f
0 1 2 3 4 5 6 7 8 9
B -field [T]
Figure 3.13 The bottom diagram shows the light output switching on and off with a 
magnetic field of IT and 8 T, respectively. The peaks in light output occur at 
intervals where the Landau level separation is equal to the phonon energy. For 
magnetic field applied along the cavity direction at 4K.
The bottom diagram of Figure 3.13 shows how the magnetic field switches on the laser,
as the DOS are peaked, therefore reducing Auger recombination, and increasing
differential gain. The light output from the laser rapidly increases on several occasions
followed by several reductions in light output until at 8T the laser switches off. The
diagram of conduction band Landau level energies versus magnetic field for InSb is
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shown in the top diagram of Figure 3.13 [Kotitschke 1998], which has been derived using 
the Pidgeon and Brown model [Pidgeon 1966, Kotitschke 1999]. The results of the 
Landau level separations for the conduction band have aiTows superimposed upon them. 
The length of each aiTow conesponds to 25meV, which is the energy of InSb LO 
phonons [Landolt 1982]. When the two diagrams of Figure 3.13 are aligned one upon the 
other the peaks in light output occur when the Landau levels are sepaiated by 25meV i.e. 
the Landau levels are resonant with the LO phonon energy. The relationship of the light 
peaks in relation to Landau levels separation leads to the conclusion that when the LO 
phonons are resonant with the Landau level separation, the electrons are able to relax 
faster, as they are able to release their excess energy easier to LO phonons. If the Landau 
level separation is not resonant with LO phonon energy, then the transfer of energy to a 
LO phonon from an electron is less likely, and therefore slower. This leads to a delay in 
electrons relaxing to the bandedge, which makes the laser less efficient and therefore 
results in less light. At 8T there are several Landau levels that are separated with an 
energy greater than 25meV therefore the release of energy to an electron is inhibited and 
thus delays the relaxation of an electron to the bandedge. The size of the increase in the 
light due to Landau level separation being equal to the phonon energy is small as the non­
parabolic separation leads to only one resonant condition at one time. Where if these 
separations were resonant, due to a parabolic structure, there would be no phonon 
bottlenecking and the electrons would be able to relax down multiple energy levels but 
only of one value of field. The effect of phonon bottlenecking is believed to cause the 
poor luminescence in QWR [Das SaiTna 1994, Benisty 1991] and QD [Benisty 1991, 
Bmnner 1992, Mukai 1996, Schmidt 1996, Bockelmann 1996, Schroeter 1996, Steer 
1996, Heitz 1998] previously reported.
A similar result, see Figure 3.14, was seen for a fixed cuirent above hh at OT. Again the 
magnetic field was swept to 8T. Initially there is a sharp rise caused by the improved 
DOS, Auger etc, and at higher fields again peaks appeared when Landau level separation 
equals the phonon bottleneck energy. Also the laser cut-off at 8T when the magnetic field 
was increased and when the magnetic field was swept downwards the laser switched on
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and took the same path as the upward sweep. The same explanation for the peaks and cut­
off apply to the cuiTent above Ith at OT as for cunent below Ith at OT.
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Figure 3.14 Similar peaks in light output are seen for laser above Ith at OT as results 
for laser switching on after B field. Again these peaks occur when Landau level 
separation equals the phonon energy. For magnetic field applied along the cavity
direction at 4K.
3.S.3.2 InSb/lno.9 0 4AloossSb MQW sample
The change in hh with magnetic field was analysed at three different temperatures for the 
121 MQW sample. The sample was positioned so that the magnetic field was applied 
along the growth direction of the laser so the MQW device acted as a quasi-QD device. 
This was not necessary with the bulk device as the magnetic field applied along either the 
cavity or the growth direction would have had the same affect on the DOS.
The following contour plot, Figure 3.15, shows how the light intensity changes with the 
variation in magnetic field and cuirent. The colour of the points gives the light output. 
The light level coiresponding to the boundary between white and black was chosen to be
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just above the spontaneous emission at zero field, so that on Figure 3.15 this boundary 
approximately follows the lasing threshold. It can be seen that as the field was increased 
Ith initially drops and then rises exponentially. Also from the contour plot it can be seen 
that the area showing black circles gradually widens, this shows that the laser output is 
increasing slowly indicating that the efficiency of the laser is decreasing at higher 
magnetic fields. This could indicate that freeze-out of carriers in the cladding of the laser 
is being caused due to the magnetic field, preventing the Moss-Burstein effect, therefore 
poor optical confinement at higher magnetic fields leads to a fall in quantum efficiency of 
the laser. However at certain values (eg. 4T and 6T) there are increases in the light 
intensity which indicates higher quantum efficiency in the laser. LO-phonon 
bottlenecking could cause this by inhibiting the relaxation of earners at other magnetic 
fields, which would degrade the quantum efficiency of the laser. Unfortunately the 
bandstructure in this case is too complicated to calculate at this point and so this cannot 
be verified.
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Figure 3.15 Contour piot of magnetic field versus current. The shades of darkness 
represent the intensity output of the iaser, where biack represents Ith. For magnetic 
fleid applied along the growth direction at 20K.
The results of hh versus magnetic field for temperatures of 20K, 40K, and 60K are shown
in Figure 3.16. There are four major regions of interest that can be seen from the various
temperature measurements for hh versus magnetic field.
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Figure 3.16 Ith plotted on a log scale versus magnetic field for three temperature 
measurements. For magnetic field applied along the growth direction.
At low magnetic field between 0T-0.8T there is a decrease in Ith, which we have
represented with an (a). There is then a series of plateaux, which are shown in the
diagram by a number of solid lines through them labelled (b). Several dotted linear lines
at higher magnetic fields for each of the three temperature plots are represented by (c)
indicating the underlying exponential rise. The fourth and final point to note is how the
three plots show a rise in Ith with increasing temperatures.
The following summarises the temperature sensitivity regarding the four mechanisms that 
give the above chaiacteristies:
a) the process that causes the minimum in Ith is temperature insensitive, as the minimum 
is at the same field always.
b) the mechanism responsible for the oscillation in Ith depends on temperature.
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c) the mechanism responsible for the exponential rise in Ith in the high field regime is 
temperature insensitive, as the slope on Figure 3.16 is fixed.
d) there is most likely a process superimposed on the ones mentioned above which 
causes Ith at B=OT to increase almost exponentially with temperature (very 
temperature sensitive).
Due to the complexity of the bandstructure of this device it is very difficult to interpret 
the results. The problems lie with the superlattice, non-parabolicity, changes in the model 
gain with magnetic field and temperature, calculations of Auger recombination etc. 
However it can be speculated what caused the four features noted and thereby use simpler 
structures in future experiments to deduce whether these assumptions are conect.
With reference to (c) of Figure 3.16 this might be put down to a degradation in optical 
confinement in the cladding region due to magnetic freeze-out of earners.
The oscillations shown for the three temperature results labelled (b) were similar to that 
seen in the bulk device (Figure 3.13 and Figure 3.14) and therefore it is possible that it 
may be due to LO phonon bottlenecking. Alternatively these oscillations could be due to 
the complex nature of the DOS for the superlattice structure in a magnetic field.
The decrease of Ith at low magnetic field i.e. section (a), maybe due to the increase 
differential gain that was explained earlier as the DOS becomes peaked at the bandedge. 
In regards to (d) it is likely the temperature dependent non-radiative mechanism of Auger 
recombination is the likely cause for the increase in Iti, as temperature increases.
Figure 3.16 and Figure 3.15 show similar features but from different perspectives. 
However the interpretations are purely of speculative nature and should not be over 
inteipreted. Therefore future research work is required if the benefits of this work are to 
play a significant role in the design of highly confined structure devices.
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3.6 Conclusion
A QW sample was placed in a magnetic field so that the DOS resembled a QD. The quasi 
QD was used for two experiments a pump probe and a saturated cyclotron resonance. The 
pump probe experiment measured the inverse earner lifetime at 4K and 80K, where the 
probing micropulse of FIR was shorter than the inverse earner lifetime. The cyclotron 
resonant experiment extended the range of data so that the measurements were not 
limited to inverse lifetimes shorter than the FIR micropulse duration. The combination of 
these experimental results showed a clear suppression in the cooling of earners from 
lO^ s^'^  to lO^ s^'* when Landau level separation is not resonant with LO phonon energy. 
These results lead support to the debate that phonon bottlenecking does indeed exists in 
QD structures. The suppression in earner relaxation was found to be almost independent 
of temperatures between 4K-80K. Therefore could lead to potential advantages and 
disadvantages for RT interband and intraband emitting devices. Indeed the bottleneck 
may not be disadvantageous even for interband lasers as the lifetime predicted to be 
necessary for the electrons of QD lasers has been reported at ~50ps [Steer 1996].
The confidence gained from the results showing phonon bottlenecking in a quasi QD 
sample led to further work with magnetic fields to produce highly confined devices. The 
quasi-QWR laser showed that the application of a magnetic field on a bulk device 
reduced 1  ^by 30% from 0-5T. The enhanced performance is due to enhanced differential 
gain and reduced Auger recombination though the combined affects can not completely 
explain the reduction in Ith. Expanding on this result the light output was analysed with 
magnetic field. The results showed many peaks in the light output at values where LO 
phonon energy was equal to the Landau level separation. This showed for the first time 
that the output of a highly confined laser is affected by the LO phonon bottleneck.
Further magnetic field experiments on a superlattice structure showed oscillatory features 
which may be due to LO phonon bottlenecking. However due to the complexity of the 
bandstructure it is hard to analyse properly without a more complete analysis that would 
involve the affects of the superlattice.
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4.1 Introduction
The work we present here shows how recombination processes change with carrier 
density. This work is very important in the development of emission devices and 
particularly if room temperature (RT) continuous wave (cw) interband lasers are to be 
developed using Pb chalcogenides (salts). Results [Klann 1995, Lischka 1977, Hoai
1977] for calculating Auger recombination coefficient (C) for PbSe have all except one 
[Klann 1995] used techniques which have used a relatively long pulse or cw radiation, 
which has possibly lead to the inconclusive results that vary over an order of a 
magnitude.
This chapter uses a pump probe experiment to look at which recombination mechanism is 
dominant for temperatures ranging from 4K-300K. The pump probe experiment is also 
used to find out the value of the Auger coefficient at different temperatures. This 
technique has also been used to calculate the rate of the stimulated recombination at 
temperatures below 200K.
4.2 Background
Lead salts (lead chalcogenides) are compounds of lead with elements of group VI 
(sulphur, selenium and tellurium). The importance of Pb salts in the application of 
infrared lasers was first published by Junga [Junga 1964] et al. They theoretically 
estimated that between 2-11 OK the Pb salts were superior to III-V. The first reason for 
this is that the valence and conduction bands have higher densities of states which 
because of minor bands gives high radiative rates from the large joint DOS, due to the 
large effective mass [Cuff 1964] and the many ellipsoid structure. The second reason is 
that the Auger recombination processes are not of great importance because of the 
approximate equality of the hole and electron effective mass and due to the high 
peiTnittivity. The miiTor-like valence and conduction bands therefore make the triple 
earner process less likely to occur due to the difficulty in satisfying the laws of 
conservation of energy and momentum, whereas the high permittivity reduces the 
interaction in earners participating in such a process. Thirdly, the mobility is fairly high 
and this reduces the loss of earners to free earners. However the unwanted non-radiative
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recombination mechanism of intervalley scattering in Pb salts was theoretically 
calculated to be high [Emtage 1976]. Later works, which include more realistic 
bandstructures, have disputed the original seriousness of the high interval ley scattering 
rate [Ziep 1978, Mocker 1983, Rosman 1982]. Therefore it is necessary to find how the 
recombination processes in Pb chalcogenides change with earner density.
Intervalley scattering is a problem due to the 4 valence and 4 conduction bands at the 
<111> zone faces; the maximum of each valence band is at the same point in k space as 
the minimum of the conesponding bands are dominated by a strong k.p. interaction. The 
effective masses are therefore proportional to the bandgap, and the conduction and 
valence bands are very similar to each other in structure and effective mass
To further the work on Pb chalcogenides and to predict whether lasers could at RT be 
produced using Pb salts, it is important to know how carrier density affects the various 
recombination mechanisms mentioned. A relatively recent study has suggested that a 
GaSb/PbSe/GaSb double heterostructure laser would work at room temperature [Shi 
1998] however this would depend critically on the low theoretical calculations expected 
of PbSe for Auger recombination.
The experiment uses a pump probe set-up where the pump beam is used to excite 
electrons into the conduction band. The probe beam determines the relaxation rate of the 
electrons by measuring the change in absoiption due to a delay between the two pulses at 
the sample. More probe photons are therefore transmitted through the sample when the 
electrons have not had time to relax just after being excited by the pump. As the delay 
between the pump and probe pulses increases the electrons relax and thus more probe 
photons are absorbed and so less are transmitted through the sample. The probe pulse is 
typically two orders of magnitude weaker compared to the pump pulse therefore it has 
negligible effect on the absoiption coefficient.
The rate of recovery of the absorption coefficient depends on which recombination 
mechanism is dominant. The dominant recombination mechanism depends on the level of
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excitation, which in turn depends upon the material properties and the photon energy.
The main concern in this chapter is to look at interband absoiption so the photon energy 
needs to be larger than Eg, see Table 4.1.
A typical plot of a transmission measurement is shown in Figure 4.3. At negative optical 
delay the probe pulse amves before the pump pulse and therefore is absorbed by the 
electrons in the sample. At zero time delay the pump beam excites electrons from the 
conduction band. As a consequence of the bleaching by the pump pulse the sample 
becomes transparent to the probe pulse and the transmission of the pulse is detected, this 
is known as the pump probe effect. As the delay between the pump and probe beams 
increase the hot earners have longer periods in which to relax and as a result a lower 
proportion of probe photons passes through to the detector.
4.2.1 Bandstructure of Pb chalcogenides
The bandstructure for lead chalcogenides have the conduction and valence bands extrema 
located at the L Brillouin point (111) of the first Brillouin zone [Conklin 1965, Rabii 
1968, Kleinman 1964, Lin 1966, Mitchell 1966]. As the effective masses for the 
conduction band (mj_=0.069mo and m//=0.037mo at 2K) are approximately equal to the 
valence band (mj_=0.066mo and m//=0.036mo at T=2K) the bands are effectively minor 
like. Therefore it is possible to inteipret the results using the Mitchell-Wallis band 
scheme [Mitchell 1966] rather than utilise the more complex k.p. model [Kane 1957, 
Pidgeon 1966]. The Mitchell-Wallis band scheme is designed as a simple two band model 
for minor like symmetry of the conduction and valence band [Dimmock 1964, Mitchell 
1966, Yuan 1993, Pascher 1988], It uses a pair of interband matrix elements P// and P i to 
describe the strong non-spherical anisotropy of the conduction and valence band at the L 
point of the Brillouin zone. From this Yuan et al [Yuan 1993, Pascher 1988] amved at 
the dispersion relations for the conduction and valence band energies are given by eqn
4.2.1 and eqn 4.2.2 respectively.
+ Eqn 4.2.1
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■ + ■ 1IniQ 2m,0 ^A h^P l(k l+ kl) + An^p'^kl + n ^ E l Eqn 4.2,2
Where the zero of energy is taken at half the energy gap Eg, where EG=146.3meV 
[Pascher 1988],
^  = E a ^niQ m_i
mo mu
2F
Eqn 4.2.3
Eqn 4.2.4
The effective masses for the conduction band are mi=0.069mo and m//=0.037mo and the 
effective masses for the valence band are mi=0.066mo and m//=0.036mo at T=2K. So 
putting these values into eqn 4.2,3 and eqn 4.2.4 gives 4.01meV and 2.17meV 
respectively. However these values aie affected with temperature as the bandgap energy 
of PbSe increases with increasing temperature and therefore the effective masses become 
larger.
Yaun et al [Yaun 1993] also used the Mitchell-Wallis two-band approximation to give 
the following expression for the joint DOS.
Jru (E) — m'f E(E‘ E l y 2 Eqn 4.2.5
4.3 Analysis
The following is the procedure earned out at Heriot-Watt University in order to convert 
each value of the decay of the measured transmission signal into excited earner density.
The first step is to find the relationship between the absoiption coefficient (a) and the 
transmission signal T{hco,t) . It is not possible to fit a single lifetime to the exponential 
transmission decay. This is for two reasons the first is the non-linear absorption and
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recombination rates with excited earner density and the second is that the initial excited 
caiiier density depends on absorption coefficient (a) and intensity of the pump pulse.
In order to inteipret the data of the pump probe measurements i.e. transmission versus 
optical delay, it is necessary to go through a set procedure. First converting the data into 
excited canier concentration N(t). Then the rate of decay of N(t) with pump probe delay 
can be extracted directly, and Auger recombination coefficients can be obtained by fitting 
N(t) with a simple rate equation.
4.3.2 Determining the absorption coefficient from the transmission signal
The transmission through a bulk semiconductor of thickness z and at a photon energy fmo 
is given by
(A69,r)exp[- a{hco,t):^dt 
T(na) = (l -  R(ficu))^ — ------- ------------ — — --------------- Eqn 4.3.1
where (l-R(i^Cü)) is the loss due to reflections, Ii„c the incident pulse intensity. The total 
absorption coefficient oc is given by
(x{h(o,t) = (hcOjt) + ^FCA (^69, r) + ^ ivba  Eqn 4.3.2
where aiBA(^co,t), aFCA(^co,t), aivBA(j^w,t) are the interband, free earner and intervalence 
band absoiption coefficients, respectively the latter is negligible in this material where 
there is only one valence band in the proximity of the valence band edge. If the probe 
pulse duration is considerably shorter than the transmission decay time, it is reasonable to 
inteipret the probe pulse as a delta function, which amves at sometime to. Therefore a  
can be considered to be constant and so the transmission at time to is
T{Hco,tQ) = {i-R{hco,tQ)f' exp[-cy(^(ü,ro)z] Eqn 4.3.3
R(^co,t) is the reflectivity and its time dependency arises due to a change in the refractive 
index at high excitation densities caused by a shift in plasma frequency and in change in
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interband absoiption coefficient [Ciesla 1997a]. The dependence on the transmission on 
the reflectivity is complicated by the different values for the PbSe layer, the bottom layer 
Bap2 layer, and the inteiface between the epilayer and the substrate. This can be removed 
by taking the differential transmission change (DTC). The DTC is the fractional change 
in the transmission signal relative to a reference signal (in our case the transmission at 
equilibrium).
DTC(hû),t) = ^signal
Eqn 4.3.47 ; ^  (Aw)probe ( A w , r )  — T 'e / (A w )
r,.^(Aw)
Therefore expanding eqn 4.3.4 in teiTns of eqn 4.3.3
DTC{no) t) = & -E{hco, t ) f  exp[- (%(Aw, r)z] -  [l -  Rq (Aw)]  ^exp[- otq {h(o)z]
[1 -  Rq (Aw)P exp[- ao (A w)z]
DTC{ncoj) = -  R(nco,t)f exp[- a{h(0,t)z] _ [l -  Rp(nco)f exp[- ap (Aw)z] 
[1  -  Rq {hco)f exp[- « 0  (Aw)z] [1  -  Rq (Aw)]  ^exp[- Œq {hco)z]
DTC{hco,t)
1 — R{hco,t^ 
_1-Ro(Aw)
l - R { n c o , t )
Qxp[-a{hco,t)z]
exp[-ao(Aw)z]
exp[[ao (Aw) -  a{fict),t)]]z -1 Eqn 4.3.51 -R o(Aw)
where a{hco,t) refers to the change in the absoiption coefficient due to the excited carrier 
concentration generated by the pump pulse and is therefore given as
a(Aw,r) = ao(Aw)+Aa(Aw,r) Eqn 4.3.6
Where OfQ (Aw) is the absoiption coefficient at equilibrium. On similar respect Rq is the 
reflectivity at equilibrium. Previous work [Ciesla 1997a] found that the time dependent 
reflection coefficient, R(Aco,t) was practically constant up to earner densities of the order
of lO^ c^m'"* in HgxCdi-xTe, and therefore, for all time delays, it is reasonable to assume- 3
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Eqn 4.3.7
Therefore using eqn 4.3.7 into eqn 4.3.5 DTC simplifies to
DTC{hco,t) = exp[- (a(Aw,r) -  (%Q(Aw))z]-I Eqn 4.3.8
and reaiT angin g eq n  4.3.6 in to  eq n  4.3.8 g iv e s
DTC{ho),t) -  exp[- (Aa(Aw,r)z)]-l Eqn 4.3.9
Now DTC has been foiTnulated it has to be calculated from the pump probe data. 
Therefore from eqn 4.3.9 it is necessary to know the thickness (z) of the sample and the 
absorption taking place during the measurement. A surface profiler can be use to measure 
the thickness, however the absoiption needs to foiTnulated.
4.3,3 Finding the interband absorption
Ne and Nh are found from the product of earner Fermi-Dirac function and the canier 
density of states (DOS)
Ne { Ef e ) =  l f e { E , E f , ) p , { E ) d E  Eqn 4.3.10
0
Ni,{Efl,)= jf i,{E.Efl, )p,,{E)dE Eqn 4.3.11
0
The electron and hole quasi Fermi energies Efe and Em are functions of time as the pump 
pulse pushes them apart and they gradually come back together during the recombination. 
As the sample is bleached by the pump at t=0 then aivBA(Aco)^0 and Ne conesponds to 
the canier density required to separate the electron and hole quasi-Fermi energies by an 
amount equal to the pump photon (Am). The canier concentration is then detennined by 
assuming that the caniers relax more quickly than the recombination rate. Every value of 
transmission for different optical time delay between pump and probe conesponds to a 
particular electron quasi-Fermi energy (since at fixed Am the interband absoiption
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depends only on the electron and hole quasi-Fermi energies) and this unique excited 
carrier density, since the number of electrons and holes are equal.
To determine the (final and initial) electron and hole energies Ee and Eh it is necessary to 
understand the non-spherical, non-parabolic lead salt band structure. This procedure is 
calculated using the non-parabolic Kane bandstructure [Ciesla 1997c].
For each unique value of electron and hole quasi Fermi energies give an absorption which 
corresponds to
a(hco,t) = -  fg{Eg,Efg{t))- //,(£ ’/j,£'yj^(r))]y^y(^û;) Eqn 4.3.12
Where Jcv is the joint DOS and a  is the absorption cross section. The absorption cross 
section is found experimentally using a Fourier transform infra-red spectrometer (FTIR) 
to measure the small signal transmission at the required temperature. Figure 4.1 shows 
the fitting for bulk PbSe at 300K where the parameter fit finds the value for a. Figure 4.1
is taken from the measured transmission and assuming R = 
where theoretical Efe=Em mid gap.
n - \
7+T and n=5 for PbSe
10000e
§I Sample PS 15 n-type PbSe T = 300K
E = 263 meVe
a =11.5 eV^  cm^
1000
250 300 350 400 450 500
Energy [meV]
Figure 4.1 Data of interband absorption versus energy collected using FTIR. The fit 
derives the absorption cross section [Findlay 1998].
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The fit of the graph utilises five equations, which have been discussed earlier on with 
regards to the bandstructure of PbSe, see §4,2.1.
4.4 Experiment
4.4.1 Sample bulk PbSe
The sample used was a (111) orientated epitaxial layers of PbSe (sample no. PS 15) on a 
BaF: insulating substrate (transmission range 015pm-12.5pm). The epilayer is 
approximately 2.18|Lim thick with an n doped canier concentration of 3.2*10cm’^  and a 
mobility of 28070cm^V'^s’^  at a temperature of 77K. The sample was grown at the 
University of Linz in Austria using molecular beam epitaxy (MBE).
4.4.2 The signal to noise ratio of the three beam pump probe
Previous pump probe experiments have used two-beams [Ciesla 1996, Ciesla 1997b], 
however though the results have been very good there are ways to improve on this 
method using a third beam for reference. The problem with a two-beam setup is that the 
EEL macropulses can fluctuate by as much as 10%, depending on its temperamental 
behaviour. The FEE is particularly unstable when the PEL wavelength chosen is close to 
the limiting range (4.5-250p,m). Therefore, the fluctuations give an unwanted instability 
in the results. However the instability can be overcome by introducing a reference beam, 
which is the same size and intensity as the pump beam but delayed by 20ns so that all 
relevant processes to be studied for the experiment are implemented before the reference 
pulse passes through the sample see Figure 4.2. Therefore the signal can be divided by 
the reference beam signal giving a nomialised output which is unaffected by the FEE 
fluctuations. The improvement in results between the three and two beam pump probe 
set-up is shown in Figure 4.3.
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Figure 4.2 schematic diagram of three beam pump probe experiment
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Figure 4,3 Transmission versus optical delay showing the pump probe effect at zero 
delay. The top diagram shows a typical result from a two beam pump probe 
experiment. It can be seen by comparing the results of the three beam pump probe 
experiment (bottom diagram) that the SNR is clearly improved. The improvement is 
due to the reference beam detecting the fluctuations in FELIX.
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A further improvement to the SNR is achieved by removing stiay light from the pump 
beam that is picked up by the detector. Ideally no pump beam should reach the detector, 
however due to impurities on the sample surface part of the light may scatter. The 
detector is too slow to resolve the micropulse and therefore the stray light causes a 
constant background to the signal, and therefore needs to be removed. Using a chopper at 
2.5Hz, so the pump beam of every other macropulse (5Hz) is blocked, it is possible to 
record the background (when pump macropulse is blocked), which maybe superimposed 
on the transmission signal. The transmission signal is fed to a box car integrator that 
further improves the SNR. The background signal is subtracted from the measured 
transmission signal to remove any affect of stray light from the measurements. Overall 
the pump probe experiment gives a SNR better than 0.1% even with fluctuations of the 
macro and micropulses being of several percent.
4.4.3 Experimental set-up
The pump probe experiment was carried out at FELIX using the Free Electron Laser 
(FEL). The two beams are aligned so that they hit the sample at the same place. The 
probe pulse measures the absorption change which is induced by the excite pulse as a 
function of the time delay, At, between the two pulses. To prevent absorption of the probe 
pulse by the substrate of the sample it either needs to be removed or be transparent to the 
photon energy of the probe pulse. The FEL was set to 4.7p,m, which is above the 
fundamental absorption edge of PbSe. The macropulse used was set at 4p,s with a 
repetition rate of 5Hz, though a chopper blocked out one of every two pulses therefore 
causing the repetition rate to be 2.5Hz. The micropulses are between 2-1 Ops and 
separated by 40ns. Each macropulse caused an increase in temperature of approximately
0.02K but this has negligible heating effect on the lattice temperature, which was 
calculated to increase by less than 2% [Vodopyanov 1992]. The pump probe method, 
shown in Figure 4.4, uses a three beam set-up compared to the two beam (pump and 
probe beam) used in chapter 3.
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Figure 4.4 experimental set-up of pump probe experiment
The addition beam is used as a reference, which has the advantage of increasing the 
signal to noise ratio (SNR). The reference beam is achieved by splitting the probe beam 
using a ZnSe (0.6jiim-21pm) beamsplitter. The reference beam needs to be delayed 
sufficiently long enough that all the excited earners have relaxed back to equilibrium. 
Increasing the path length of the reference beam by an additional 6m path causes a delay 
(20ns) that meets this criteria. It is important to use a telescope arrangement to reflect the 
reference pulse back along the same beam path of the probe pulse, as this will not affect 
the size or intensity of the pulse if there is some divergence in the beam. The detector is 
reverse biased with an a.c. signal superimposed. The positive pulse and negative pulses of 
the a.c. signal are synchronised with the probe pulse and the reference pulse, and so the 
a.c. signal has to be set at 25MHz (i.e. the same as FELIX) and of pulse duration of 20ns 
and duty cycle of 1. If the probe was unaffected by the sample the net cuiTent flow is 
zero. Alternatively, if the probe sees an enhanced transmission, through the sample a net 
positive cunent is measured. Then by taking the detector output signal and dividing it by
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the reference beam signal will result in an improved SNR even though the macropulse 
fluctuations that affect both the magnitude of the probe and the reference beam may be 
large.
When the system is in balance (i.e. no pump beam has been applied) there is no output, 
therefore only the output signal seen by the detector is due solely to the pump, which 
causes the sample to be transparent to the probe.
The sample is placed in a flow cryostat, which has a temperature range of 4-300K. The 
fluence of the pump and probe beams macropulses are of 350jiJ/cm^ and lOpJ/cm^ 
respectively, this includes the losses due to the beamsplitter and the optics [Findlay 
1998]. The pump, probe and reference are both focussed to lOOfxm spot size by a 
parabolic focussing miiTor with a focal length of 25cm. A MCT detector that is cooled to 
77K detects the transmission signal. All the optics is housed in a vacuum tank that is 
flushed with nitrogen so that absorption caused by air is prevented and therefore does not 
affect the operating wavelength of the FEL.
For interband absoiption the photon energy (Ephoton) needs to be greater than the energy 
bandgap (Eg). The experimental paiameters are shown in Table 4.1 where the ratio of the 
experimental photon energy was set between l.lEg and 1.5Eg for a temperature range of 
300K to 77K.
Temperature Eg(meV) Ephoton(lïlcV) Ephoton/Eg
300 263 287 1.1
250 242 287 1.2
200 221 263 1.2
150 200 263 1.3
77 170 263 1.5
35 152 233 1.5
Table 4.1 Experimental conditions for PS 15
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4.5 Results and Discussions
The first part of the analysis is to calculate the carrier concentration N(tdeiay) from the 
results of transmission as a function of optical time delay for different temperatures. 
Typical plots of carrier concentration versus optical time delay are shown in Figure 4.5, 
Figure 4.6, and Figure 4.7 for temperatures 300K, 150K, and 77K respectively.
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Figure 4.5 The carrier concentration shows a steady decline as the optical delay is
increased. 300K
The analysis is summarised as follows. The small-signal absorption curve (Figure 4.1) 
is fitted with 4.3.12, using the equilibrium fermi energies (which are mid-gap for 
symmetric bands) to give the absorption cross-section a. Under conditions of charge 
neutrality, there is a one-to-one mapping from £ / to  all of the other unknowns - to Ne 
(via Eqn 4.3.10) to Nh (from Ne=Nh) to E /(v ia  fitting Eqn 4.3.11) to or (via Eqn 4.3.12 
and the DOS Eqn 4.2.5) and finally to DTC (Eqn 4.3.9). Therefore the measured DTC 
curves (e.g. Figure 4.3) can be numerically converted into 7Vg(r). By the same 
procedure (in reverse), fitted curves of Ne are calculated as a function of time with a 
rate equation described below. The fits are also shown on Figures 4.5-7. The 
approximations in the above analysis only involve the bandstructure used and the 
assumption that the absorption cross-section is independent of wavelength.
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Figure 4.6 The carrier concentration shows a rapid decline as the optical delay is 
increased. This is caused by the stimulation of carriers in the conduction band by 
the probe pulse. Note: inset shows expansion of ordinate axis for optical delay times
above 80ps.
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Figure 4.7 The rapid decline in carrier concentration with optical delay shows that 
stimulated emission is the dominant recombination mechanism. Note: inset shows 
expansion of ordinate axis for optical delay times above 80ps.
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The plots show that at t=0 the sample is bleached and therefore there is a rapid rise in 
excited canier concentration. At t>0 the excited caniers relax and the excited carrier 
concentration decreases exponentially. At lower temperatures (77K and I50K) the rate of 
the initial decay is very fast. The rapid decay rate (t<150ps) clearly indicates the process 
is caused by stimulated emission at low temperatures. The slower rate of decay at 300K 
would indicate that stimulated emission is not a major factor for the thermalisation of 
caniers. This confirms previous observations [Klann 1995, Tomm 1995] showing that the 
canier system of PbSe and PbTe becomes degenerate at values of N generated here for 
temperatures below 160K. This causes the quasi Fenni levels to be shifted into the bands, 
giving rise to the possibility of stimulated emission under the Bemard-Duraffourg 
condition [Levine 1963, Bernard 1961].
E^^-E^j ,>Eg Eqn 4.5.1
i.e. measuring both Fenni energies with respect to fixed point (e.g. valence band edge) as 
opposed to each being with respect to its own band edge.
This causes spontaneous photons to be amplified in the transparent sample, which results 
in an exponential increase in photons and consequently a rapid decrease in excited canier 
concentration. This is clearly illustrated in results Figure 4.6 and Figure 4.7. However the 
process stops at a given threshold as the canier concentration has dropped below a certain 
level and therefore no longer meets the criteria of the Bernard-Duraffourg condition.
Figure 4.8 shows the computed non-linear interband absoiption coefficient for PbSe as a 
function of energy for three excited canier concentrations (1.4*10''^cm'^, 8.5"^10’^ cm‘^  
and 2.2^10’ at 200K [Findlay 1998].
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Figure 4.8 shows the Interband absorption as a function of energy for three different
carrier concentrations [Findlay 1998].
The model shows that for excited carrier concentrations, at 200K, of 8.5*10'^cm'^ and
2.2*10'^cm’^  amplified spontaneous emission may occur between 220meV to 250 or
BOOmeV respectively. However the Bemard-Duraffourg condition will no longer be
satisfied when the rapid decline in excited carrier concentrations by stimulated emission
reaches a certain threshold. The rate of the stimulated emission is enhanced by the high
refractive index of PbSe (n~5) ) [Landolt 1982]which acts as a waveguide. This results in
a small angle of internal reflection and therefore the internal optical efficiency is high,
due to relatively small amounts of photons leaving the sample through the surfaces. The
light therefore travels parallel to the surface inside the thin layer and will either be
reabsorbed outside the volume or leave the sample by the edges. However if the Bemard-
Duraffourg condition is satisfied, then the stimulated emission is very efficient and after a
time will reduce markedly due to depleted carrier concentration.
The threshold concentrations have been obtained for different temperatures using the 
results of N versus optical time delay, which are plotted in Figure 4.9.
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Figure 4.9 Carrier concentration threshold for amplified stimulated emission for a 
range of different temperatures. The unfilled triangles are previous results obtained 
by Klann et al [Klann 1995] and the filled circles are results by Findlay et al
[Findlay 1998].
In Figure 4.9 we have also plotted results by Klann et al [Klann 1995], it can be seen that 
these two points show good agreement with our results. From Figure 4.9 our results show
that the threshold concentration varies from 3*10^  ^at 77K to 2.6*10*“ at 300K.,18
The stimulated emission kinetics are in the picosecond range which is very fast 
compared with other recombination mechanisms, which are 2-3 orders of magnitude 
slower. The stimulated emission parts of the curves in Figs 4.5-7 have not been fitted, 
as the rate equation depends on the spontaneous generation rate, the photon number 
and the feedback dne to the semiconductor slab being a very high refractive index 
guide. After the stimulated emission has finished, the rate equation is
= A N (t)  +  B N ^  (0  + CN^ (0
d t Eqn 4.5.2
we
where A, B and C aie the SRH, radiative and Auger coefficients. By solving Eqn
4.5.2 with the starting carrier concentration, and A, B and C as the free parameters 
computed the fitted curves shown on Figures 4.5-7. The outcome of the fitting was 
that A and B were negligible, and the Auger term dominated. The estimated error in C 
is quite high due to the noise on the data, and is estimated to be about a factor of 3. 
Aftei neglecting the SRH and radiative terms the rate equation is now
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Eqn 4.5.3
As carrier concentration is known the only parameter to change is the C variable giving 
the Auger coefficient value. From these fits we are able to plot the results obtained for the 
Auger coefficient for each temperature measurement. These results are shown in the 
Figure 4.10 along with previous experimental [Klann 1995] and theoretical data [Ziep
1978] , for Hgi-xCdxTe and PbSe.
Hg Cd ^  Te (ÀS ll[im  at 10OK)
PbSe (À sTjim atlO O K )
3I NPA Theory PA Theory 
Klann et al. (1995)
0 5 0 100 150 200 300
Temperature (K)
Figure 4.10 The effect of temperature on the Auger coefficient. PbSe experimental 
results are compared to the theoretical models of NPA and PA. Also shown are the 
experimental and theoretical results of Hgo.795Cdo.2osTe and the theoretical result of
Hgo.744Cdo.256T e.
The data is compared with a non-degenerate distribution non-parabolic bands (NPA) 
(dashed line) and also parabolic bands (PA) (dotted line) models [Ziep 1978]. The 
comparison shows that there is an excellent comparison between the experimental and 
theoretical results. However the results show the importance of a non-parabolic 
bandstructure model.
We have also compared the Auger coefficient of PbSe to Hgi-xCdxTe. The result from 
samples HgojQsCdo.zosTe (experiment and theory) [Ciesla 1997b, Ciesla 1997c, Beattie 
1996] and Hgo.7 4 4Cdo.2 5 6Te (theory) [Beattie 1996]show that the magnitude of the Auger
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coefficient is between one and three orders of magnitude greater than that of PbSe, due to 
the miiTor bands of the PbSe. Stimulated emission was not observed in Hgo.7 9 5Cdo.2 05Te 
measurements even at 77K due to the much higher Auger rate, though it may be possible 
to achieve in a sample with the same bandgap as PbSe (i.e. x=0.256) and with higher 
excited carrier concentration generated by a larger pump intensity. The higher excited 
canier concentration in order to achieve stimulated emission has been estimated to be 
approximately four times higher than that achieved in the previous experiment [Ciesla 
1997b, Ciesla 1997c].
It should be noted that another factor that distinguishes Hgi.xCdxTe is how the Auger 
recombination coefficient (C) changes for different temperatures, whereas C is virtually 
constant for temperatures between 77K-300K for PbSe. This arises due to the difference 
in their effective electron-hole mass ratio, as both compounds have decreasing bandgap 
energies as temperature is reduced. The low effective mass ratio of electron and holes for 
Hgi.xCdxTe decreases further as bandgap decreases (i.e. temperature reduces), thus 
increasing the Auger threshold.
Both materials have a roughly constant value of C above lOOK, though slightly 
increasing with decreasing temperature. This is due to both materials having a decreasing 
bandgap with decreasing temperature, which reduces the Auger activation energy in both 
cases. This effect is stronger than the decreasing electron temperature, which would tend 
to reduce the coefficient. However, below lOOK, the effect of the decreasing electron 
temperature quenches the Auger in the PbSe, but not in the HgCdTe.
4.6 Conclusion
To summarise we have used a pump probe experiment in order to measure the Auger 
recombination rates as a function of photon excited earner concentration in PbSe for a 
range of temperatures (30K-300K). The results show that the Auger coefficient is 
relatively constant (8*10'^^cm'V^) for temperatures of 77K and 300K. The value of C 
drops at a temperature of 30K to C=l*10‘^ ^cm'^s *. These results are in good agreement 
with the NPA model of O'Ziep et al [Ziep 1978]. Also the results show good agieement
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to previous experimental results of Klann et al [Klann 1995] at temperatures of 300K and 
77K. We have also confiimed eaiiier reports of stimulated emission as the most efficient 
recombination mechanism. The earner concentiation threshold has been documented 
over a range of values (30K to 300K) and this has been shown that the threshold is 
somewhat lower than similar bandgap bulk materials of a flat (Kane) bandstructure. This 
agrees with measurements for InSb and Hgi-xCdxTe that C is between one and two orders 
of magnitude higher than that of PbSe of comparable bandgap. Unfortunately the 
advantages that Pb salts have a small Auger coefficient are compromised by the relatively 
heavy anisotropic effective masses and valley degeneracy, which cause higher earner 
concentrations than for Hgi.xCdxTe or III-V materials of comparable bandgaps.
Our measurements confirm the recent study by Klann et al [Klann 1995] on the 
possibility of room temperature Pb salt lasers. In it they state that Auger recombination is 
low enough that room temperature laser operation would be possible using IV-VI 
semiconductors for a wavelength range of 3-5pm. However the problem lies in 
insufficient electron and hole confinement and low theimal conductivity from 
traditionally used naiTow bandgap semiconductors. Therefore it may be possible that a 
structure such as GaSb/PbSe/GaSb reported by Z.Shi [1998] could be utilised to create a 
room temperature interband laser.
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5.1 Introduction
This chapter analyses the transitions of electrons within a quantum dot (QD). The 
techniques used here take a very different approach to previous reports of intraband 
spectroscopy of electrons in quantum dots, which have almost exclusively used 
blackbody sources to measure a transmission [Drexler 1994] or conductivity [Fricke 
1996] change. However, most of these reports have shown spectra, which are either 
extremely broad [Benyman 1997], close to multi-phonon resonances [Sauvage 1997a] or 
have many other unexplained features [Sauvage 1997b, Phillips 1998, Warburton 1998], 
and these problems have made it difficult to unambiguously assign the intersublevel 
resonance. The techniques described here allow an unequivocal assignment of the 
resonant absoiption to the QDs.
The first technique uses a magneto-optical experiment to investigate the electronic 
transitions of a quasi quantum dot. This experiment is used as a precursor to studying 
spatial QDs as it is easier to change the Landau level spacing than to tune the FIR to the 
intraband levels of a QD. Also as QDs have many stochastic parameters it is simpler to 
analyse. The method used is optically detected cyclotron resonance (ODCR). Adding an 
optical delay it is possible to analyse the electron relaxation time within a QD. This 
technique is called time resolved optically detected cyclotron resonance (TRODCR).
The second part presents far-infrared modulated photoluminescence (PL) measurements 
of the intraband absoiption in low gi'owth rate, self organised InAs/GaAs quantum dots 
from Imperial College, London. These dots show very well resolved photoluminescence 
lines. It is shown here that the far infrared resonance observed is unambiguously 
associated with a bound-bound transition within the dots, and not related to the 
suiTounding material. The results also show that higher PL lines, which appear under 
high excitation, are from the conduction band levels that have successively increasing in­
plane quantum number. Furthermore, by comparison of the widths of the PL, and of the 
double resonance at fixed FIR or PL frequency we are able to show that there is no single 
cause dominating the inhomogeneous broadening. Other mechanisms such as excitonic
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binding and In composition roughness may also contribute to the spreading. In 
conjunction with obtaining these results it has also been possible to simultaneously 
measure the electron and hole confinement energies. The results obtained show that the 
electron and hole confinement energies have a ratio of approximately 4:1.
5.2 Background
The magneto-optical phenomenon was first discovered in 1845 along with the Faraday 
effect. However it was not until the 1950s that the phenomena could be utilised [Lax 
1960a, Lax 1960b, Ancker-Johnson 1966, Pidgeon 1980, Lax 1967, Willardson 1967, 
Dresselhaus 1953]. Since then high quality crystal growth, low temperatures and high 
magnetic fields have been available and have led to a new class of magneto-optical 
effects. There are two distinctive classes of magneto-optical phenomena; the intraband 
and interband magneto-optical phenomena. The intraband technique analyses the charge 
earners' transitions between Landau levels within the same energy bancl^an example is the 
cyclotron resonance technique in chapter 3. This technique is used for FIR, and 
microwave wavelengths due to the nature of energy bands and the effective masses. The 
second class is the interband magneto-optical phenomena, which studies the transitions 
between Landau levels of the conduction and valence bands. The technique can be 
utilised in the NIR-u.v. range and can give information on exciton binding energy, 
reduced mass of electrons and holes. Both inter and intraband magneto-optical techniques 
are shown in Figure 5.1.
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Figure 5.1 The bandstructure of a quasi QD shows discrete Landau levels. The 
interband and intraband magneto-optical phenomena are shown in the diagram of 
the discrete levels for a quasi quantum dot.
5.2.1 Photoluminescence (PL)
Electrons, in the valence band of a QD, that absorb photons with greater energy than the separationinterband^ill be excited into the conduction band. These electrons will eventually relax 
to the ground state of the conduction band from where they can recombine with a hole 
and in the process cause a photon. This photon of light will have a particular energy, 
which is the same as the energy gap of the QD. This energy will be fixed as QDs have 
only discrete energies
5.2.2 Optically detected cyclotron resonance (ODCR)
Cyclotron resonance has been used traditionally for measuring the effective mass of 
electrons in a sample [Dorfman 1951, Dingle 1952, Lax 1954, Dresselhaus 1955]. 
Improvements in CR techniques have led to the development of optically detected 
cyclotron resonance (ODCR). ODCR was originally developed for analyses of 
microwave materials with magnetic fields, the first results were observed by Baranov et
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al [Baranov 1977] on a Ge sample. Until relatively recently all ODCR experiments 
continued to use microwaves as the probe, however advances in ODCR techniques 
reported by [Wright 1990, Ahmed 1992, Gubarev 1991, Moll 1992, Wetzel 1992, 
Warburton 1992, Michels 1994, Romestein 1980] have now extended the range into the 
far infrared. These techniques have utilised the developments and availability of 
superconducting magnets and the low effective mass ratio of naiTow bandgap materials, 
which satisfy the cyclotron resonance criteria of > 1.
ODCR has many advantages over traditional cyclotion resonance (CR) experiments, 
which are listed by Ahmed [Ahmed 1993]. The ODCR benefits that should significantly 
enhance the results in this report are that the light detected is of a shorter wavelength, and 
undoped samples can be used. The first advantage is that shorter wavelength detectors are 
more sensitive and therefore the signal is stronger. The second advantage is that it is not 
necessary to use a doped sample in order to have a population inversion, whereas it is a 
prerequisite for saturated CR, as the earners are pumped optically into the valence band.
The principle of ODCR is to look at the change in the emission of photoluminescence 
that is induced by a modulating wavelength on a sample in the presence of a magnetic 
field, earners in the valence band are excited into the conduction band and then relax to 
the gi'ound state Landau level (n=0). The earners either relax back to the valence band 
emitting a photoluminescence photon or are excited by a modulating beam higher up the 
Landau level ladder. However the photons modulating the earners will only be absorbed 
if the photon energy (hco) is an integer multiple of the energy separation of the Landau 
level {fiC0c)i see Figure 5.2. Therefore once this condition has been satisfied the earners
will depopulate the giound Landau level and so the PL intensity falls. In fact, the 
modulating FIR under certain conditions may also enhance the PL. If the relaxation down 
to the ground state is slow, the FIR may resonantly stimulate them downward and 
enhance the PL. There has been very little study on the exact process by which the 
ODCR occurs, and it has usually been used solely to measure the FIR resonance 
frequency.
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n=l
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pumpODCR
Figure 5,2 The absorption of a photon by a carrier in the ground state leads to the 
carrier being excited to a higher Landau level. The affect of the depletion in Landau 
level zero can be observed in the reduced output of PL.
5.2.3 Time resolved optically detected resonance (TRODCR)
Time resolved ODCR is a new technique to analyse the decay rate of excited earners 
between Landau levels. The process involves the synchronisation between a non­
degenerate pump and probe beam on a sample in a magnetic field, which initially 
increases photoluminescence (PL). However as the phase between the probe and the 
pump are changed the probe beam either stimulates or excites electrons to the ground 
state resulting in an increase or decrease in photoluminescence (PL) respectively. To 
calculate the earner transition rate from the TRODCR experiment the change of PL over 
a range of different pump probe phase values is required, from temporal overlap to zero 
change in PL. By measuring the time it takes for the change in PL to reach e'* (67%) 
gives the value of the time taken for the earners to ripple down from their excitation point 
to the ground state. Therefore by dividing by the number of states, earners are originally 
excited to, from the relaxation time gives an estimate of the transition rate.
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5,3 ODCR and TR’ODCR
5.3.1 Experiment
The sample is a single QW of thickness Ilnm. The wells are Gao.8 2Ino.i8As with GaAs 
baiTiers. Due to the relatively high level of In alloy there is mismatch between the 
bamers and the wells causing strain of approximately 1.4%. From [Romestein 1980, 
Booth 1985, Johnson 1988, Wright 1989, Cavenett 1985] it is shown that above x=0.I5 
the strain is such that the light hole is shifted in energy above the heavy hole band and 
therefore there is no longer degeneracy between the two bands. Due to the change in the 
band domination the band structure is type II. This means at lower In alloy levels the 
material would be dominated with recombination in the heavy hole band leading to type I 
material, see Figure 5.3. The strain however is below the critical thickness and therefore 
defects are not prevalent throughout the sample. The energy gap is approximately 
I.355eV and the mobility is 3^10'^cm^A^s. The sample was grown using MBE on high 
quality [100] orientated GaAs substrate, at the Royal Signals Establishment (Dr M.T. 
Emeny).
GaAs
HH
LH
Figure 5.3 Due to high strain in Gao.82Ino.i8As the light hole (LH) shifts above the 
heavy hole (HH) causing a type II well.
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1) Lens of focal length 40cin to focus the l i ^ l  into Hie monodironHtor.
2) Lens of focal length 15cm to collect the PL from the sample.
3) Sample ME502 Gai^In^As/GaAs - 1  Inm QW
4) Horizontal bore m agi et
5) Cooled Gepin diode detector.
6) Jarrell AA 0.5m monochromator.
7) M jlar window
8) ZnSe window
Figure 5.4 Basic experimental set-up for magneto PL, ODCR, and TRODCR.
The basic set-up for ODCR experiment is shown in Figure 5.4. The QW (ME502) sample 
is mounted face down on a pinhole holder that is placed in vacuum in the magnet in the 
Faraday configuration with the substrate facing the polyethylene (PE) window 
(transparent to FIR emission) and the epilayer facing the ZnSe window (0.6pm -21pm).
The first step is to collect PL from the sample. As the PL is in the near infrared it is 
difficult to align the optics to collect and direct it to the detector. Therefore a 5mW red 
diode laser (680nm) directed at a piece of white paper set behind a diaphragm is used as a 
point source in order to simulate the PL emission path. A 2" glass (transparent in the 
NIR) convex lens (focal length 25cm) is then placed so that the scattered light can be 
collected and collimated. The collimated light is then transmitted to another 2" glass 
convex lens (focal length 40cm) that refocuses the light to a monochromator (numerical 
aperture=0.5). The monochromator is then set so that the red light is able to exit onto the 
cooled Ge p-i-n detector. Once light has been detected the optics are adjusted in order to 
optimise the signal. When the sample is conectly positioned another laser is shone at the 
same spot so that the position is defined by the crossing of the two beams. The paper is
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then removed and the magnet is lowered back into position. The PL should now be 
observable through the monochromator when it is set to the peak of the PL (1354meV). 
Once the peak PL signal has been maximised the PL spectrum is recorded by a PC, see 
Figure 5.5,
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Figure 5.5 PL spectrum for sample ME502, where the peak is at 1354meV.
The TRODCR relies on the possibility of having an appropriate excitation laser that can 
be synchronised with the FEL. Therefore a Ti:Sapphire (Ti:Sapp) was used which has 
additional advantages due to the wide wavelength coverage in the NIR. The active 
medium of a Ti:Sapp laser is a crystalline material created by doping sapphire (AI2 O3 ) 
with titanium, and therefore are solid state lasers. The active medium is optically pumped 
by a diode pumped Y AG at l|4m, which is doubled to 500nm (i.e. green).
The red He:Ne laser is replaced by an unattenuated Ti:Sapphire (Ti:Sapp) in order to 
increase the PL intensity, however to prevent damage to the sample, and so avoid 
affecting the results by heating, it is not focused . The increase in PL gives the advantage 
that the slits of the monochromator can be naiTowed and therefore a better resolution is 
achieved.
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The next step is to collect the magneto PL spectrum. By recording the magneto PL it is 
possible to deteimine the Landau level separation in order to know the coiTect 
wavelength to probe the sample, so that optically detected cyclotron resonance occurs 
within the range of the magnet's magnetic field. Figure 5.6 shows the results of magneto 
PL experiment at maximum field. The lowest energy peak (1355meV) is the QWs' lowest 
subband energy Landau level n=0. The next four peaks, of energies 1363.9, 1374.4, 
1385.1, and 1396.7mev, are the higher Landau levels n=l, 2, 3, 4 respectively. The peak 
at 141 l.SmeV is the second subbands first Landau level (n=0) and presumably this masks 
the results for the first subband levels' n=5 Landau level. However the tme peak values 
may be slightly different from that given in Figure 5.6 as there will be some slight 
distortion by noise and also because weaker peaks are on the shoulders of stronger ones. 
Ideally for true positions one should do Lorentzian line fits. From the result of magneto 
PL the Landau level separation energy for n=0 and n=I is approximately 9meV for a 
magnetic field of 6T. Therefore in order to record ODCR measurements at 6T the FIR 
energy has to be 9meV. However in order to shift the resonance slightly below the 
maximum field so it was easily observable the FIR energy was reduced. The wavelength 
chosen was 150pm or 8.2meV.
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Figure 5.6 Magneto PL in order to determine the magnetic fîeid of the uncalibrated 
magnet. The pump laser was TiiSapp, which was unfocused.
Now that the magnetic field is known the ODCR can be investigated. To collect an
optically detected signal the monochromator was set at the peak of the PL spectrum
(1354meV) when there is no magnet field present and the FIR was directed on to the
substrate. The FIR from the FEL is 150pm with a repetition rate of 20ns (so that the FEL
can be later synchronised to a Ti:Sapp laser) and the power in the vacuum is ImW. The
FEL was prevented from being absorbed in air by directing the beam through a vacuum
transport tube to the window of the magnet. The windows of the transport tube are
polyethylene (PE). The FIR was unattenuated and focused and the pump laser used was
an unfocused TiiSapp. The magnetic field is then swept and the ODCR should occur
around the calculated magnetic field (4.5T). The signal is passed through an amplifier
with a gain of 25 and a band pass filter (lOkHz to 300kHz).
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The time resolved (TR) ODCR is achieved by overlapping the FIR and NIR pulses in 
time. The experimental set-up is the same as the ODCR except an optical time delay is 
inserted in order to adjust the time difference between the beams and also so that it is 
used to see how the decay of the overlap affects the outcome of the results.
To achieve TRODCR it is necessary to have the FIR and NIR pulses in phase at the 
sample. However it is not possible to measure the two pulses at the sample so the pulses 
are measured separately at points away from the sample. In order to measure the FIR and 
NIR pulses a fast MCT and Ge detector are used respectively. The detectors are placed at 
equal distances away from the sample but on the opposite sides. The NIR and FIR pulses 
are measured on an oscilloscope and the phase difference are compared. Once the pulses 
are set so that they will arrive at the sample at the same time the detectors are removed 
and the beams allowed to travel to the sample.
The optical delay is slowly adjusted to either increase or decrease the time delay of the 
NIR pulse arriving at the sample in order to allow for any discrepancy in the measuring 
of the path taken by the two beams. The temporal overlap is then maximised at OT and 
the wavelength of the monochromator is set to 1355meV. The slits of the monochromator 
are fully opened so that the signal is easier to detect. Once temporal overlap signal is 
fully optimised the magnetic field is swept to 4.5T and then kept constant throughout the 
measurements. The optical delay is then swept from 0-19.1cm (approximately 1.3ns) in 
order to measure the transition lifetimes.
5.3.2 Results and discussion
The ODCR shown in Figure 5.7 has three resonances. The main resonance at 
approximately 4.5T is due to Landau levels n=0 and 1. Previous experiments on similar 
samples by Ahmed [Ahmed 1993] identified that the peak on the high field side (4.5T) of 
the ODCR resonance is the bulk cyclotron resonance due to electrons in the GaAs 
bamers. The feature on the lower energy field of the ODCR at 2T is caused by impurity 
resonances in the bulk GaAs.
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Figure 5.7 ODCR for Landau level separation of n=0 to 1 at 4.5T. The other 
resonances depicted are due to impurity transitions and electrons in the GaAs 
barriers. The dark solid line shows a Lorentzian fit of the resonances.
The effective mass of the electron (m*) is calculated using eqn 5.3.1. 
heBhCDc = Eqn 5.3.1
m
Where 0)c is the cyclotron frequency, e the electron charge and B the magnetic field 
(4.5T). As the photon energy is equal to the energy separation between Landau levels 0 
and I at the ODCR it is simply a case of converting the wavelength of the FEL into 
energy and then rearranging eqn 5.3.1 which gives m*=0.063mo, where mo is the free 
electron mass. This result agrees with previous data on a similar type of sample 
(Gao.8 2lno.i8As), but with different widths of QWs that was measured by Ahmed et al. 
[Ahmed 1993].
The time resolved optically detected cyclotron resonance, shown in Figure 5.8 is the 
average result between upward and downward scans of the time delay. The time base is
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derived by converting the distance travelled by the mirror to the time difference between 
the TiiSapp pulse and FEL pulse.
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Figure 5.8 Normalised TRODCR signal showing the decay lifetime is 21ps. Plotted 
as change in PL versus optical delay. The magnetic field is determined by the peak
of the ODCR which was 4.5T.
At zero delay the Ti:Sapp and FELIX have been synchronised so that both pulses arrive 
at the sample at the same time, but at opposite ends. As a result of the temporal overlap 
the change in PL has increased due to the FIR pulse stimulating electrons to the ground 
state. This suggests that electron relaxation is being suppressed by LO phonon 
bottlenecking which was described in chapter 3. This is to be expected as the magnetic 
field and Landau level separation (8.2meV) are not set to a harmonic of the LO phonon 
energy (ELo=36meV). As the TiiSapp pulse advances the carriers have more time to relax 
through other mechanisms such as carrier-carrier scattering, rather than the faster phonon 
scattering. At negative time, which is equivalent to large positive times due to the fact 
that the Ti:Sapp pulses arrive every 10ns, the electrons have had plenty of time to relax to 
the ground state. The effect of the FIR is to excite electrons up the Landau level ladder 
out of the well thus reducing the PL, and giving a negative ODCR signal. If the condition 
^(Olo = nhcO(^, where n is an integer, were satisfied it would be possible that at zero 
delay the FIR could have also had an adverse affect causing a negative change in PL.
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From Figure 5.8 the relaxation lifetime is 2Ips. However as the Ti:Sapp has excited 
carriers far into the conduction band the electrons will have been excited to higher 
Landau levels. As the Ti:Sapp has an energy of approximately 1550meV and the PL 
measurements showed that the bandgap of the sample was 1361 me V then the electrons 
are excited high into the conduction band. As the Landau level energy separation is 
approximately 9meV the electrons have to relax down of the order of 10 to 20 levels. 
Therefore the earner lifetime for each Landau level is of the order of Ips -  2ps (however 
this is making the assumption that all Landau level separations are all equal). This result 
is consistent with the data of chapter 3 Figure 3.9.
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5.4 ODIR
There are many different types of potential devices for QDs i.e. emitters, detectors, single 
electron transistors, which will be used in future applications such as quantum computers. 
For QDs to reach their full potential the understanding of the excited excitonic states and 
how charges relax down the energy ladder need to be fully understood. Unfortunately due 
to the relative infancy of the growth techniques QD samples are not pure. This has led to 
the conclusion that the broadening seen from PL spectrums (~ 15 -  30meV) of QDs is 
inhomogeneous, due to fluctuations in size and composition of each dot [Xie 1994, 
Sivems 1998], see Figure 5.9. Therefore the PL spectrum measured is not due to all QDs 
emitting at the same discrete level, but from a multitude of different QDs within a sample 
emitting at different wavelengths. Therefore the overall peak in the PL spectrum is due to 
the average size and composition of dots within the sample.
D ots with av e ra g e  length and  av e ra g e  energy 
OR are
large and  have  w ide bandgap
OR a re
small and  have  narrow  tsandgap
3g .3o
\ D ots which a re  sm all 
1 or have  w ide t»andgap
D ots which a re  lam e 
o r have  narrow  b ^ d g a p
3Q.
3O
D)
Energy Energy
Figure 5.9 The broad spectrum that is seen in the QD PL spectrum is due to 
stochastic variables caused by the growth techniques. An idea quantum dot would
have one peak energy (Aw).
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However the spread may not be primarily due to the variation of the dots within a sample 
as other mechanisms such as the interaction between charges in a dot can also lead to 
energy spreads. One possible candidate mechanism is the binding energy of excitons. 
Excitons are electron and hole pairs that are bound together so that as the excitons move 
through the crystal the total charge of the system is unchanged. There are many different 
ways that charges can be bound together in a quantum dot i.e. X, XX, X", and X^, where 
X represents an exciton which is an electron and a hole bound together by their 
coulombic attraction. Similarly XX represents 2 electrons and 2 holes, X a hole and 2 
electrons, and X'*' 2 holes and 1 electron. When the exciton separates into individual 
earners an excess energy is required called the binding energy. Excitons are particular 
likely to be formed in QDs due to the strong confinement, which causes every electron- 
hole pair in the ground state to immediately become an exciton, and therefore this process 
is very important in PL [Bimberg 1999].
5.4.1 Two-colour pump probe technique
By using a two-colour pump probe technique it is possible to excite electrons which have 
rippled down to the ground state in the conduction band to higher states further up the 
band. The intraband (probe) pulse needs to be equal in energy to the intraband level 
separation in order for electrons to be excited to higher bands. The effect of changing the 
population of the conduction band discrete levels causes a change in the PL from each 
state. Figure 5.10 is a schematic energy diagram of the QD showing how the pump and 
probe effects the electron transitions. This experiment is exactly analogous to the ODCR 
experiment described above, except that the intraband transition involved is between 
spatially confined states rather than between Landau levels. Therefore we have teimed 
the technique optically detected intraband resonance (ODIR) [which is also known as far 
infrared modulated photoluminescence (FIR-PL)]. The main difference is that the levels 
cannot be tuned with a magnetic field and in order to measure the resonance position the 
intraband excitation laser must be tuned. This technique has been used to observe the 
resonance energy and also to examine the dominant stochastic variables in the PL 
broadening.
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Figure 5.10 Schematic diagram of the bandstructure of the QD. The electrons are 
excited to the continuum before they relax down the ladder of intraband levels from 
where they are probed by the FIR. The results of the excitation and probing can be
seen in the PL and differential PL.
5.5 Stochastic effects on interband energy ievei separation
In order to measure the levels within a QD a PL spectrum can be collected as shown in 
Figure 5.11. The peaks of the PL spectrum are clearly seen under high excitation, which 
are caused by electrons in the conduction bands recombining with holes in the 
valence band. Due to a random distribution of carriers relaxing into the QDs the QDs 
states will fill differently. The effect of the non-linear state occupancy causes the first and 
second excited states, shown in Figure 5.14 (a), to occur before saturation of the ground 
PL state. The higher PL peaks are due to the ground state conduction band being 
completely filled with electrons, due to a high intensity laser (TirSapp). The result is that 
electrons higher up the conduction band are unable to relax to the ground state. Therefore 
the first excited state becomes filled with electrons that recombine with holes in the 
second valence band and if this state is filled the second excited state will fill with 
electrons, and this carries on up the ladder. An alternative theory on why PL is seen at
146
Intraband spectroscopy of Gaylni.vAs quasi-quantum dots and InAs quantum dots
higher levels is that phonon bottlenecking slows the intraband transitions and therefore it 
is not necessary to have the gi'ound state full in order to see PL from higher states.
1046m eV
2 5 -
112meV
2 0 -
1181m eV
1000 1050 1100 1150 1200 13001250
energy (meV)
Figure 5.11 The QD PL spectrum taken at 4K for unannealed InAs/GaAs QD 
sample, shows at least one ground state and three excited states. The laser used for 
exciting electrons from valence hand to conduction band was a Ti:Sapp. The 
photoluminescence (PL) peaks show the separation energies (1046meV, 1112meV, 
and llSlmeV) between the discrete levels in the QD.
The PL energy is calculated by making the assumption that the QD is a square prism and
therefore the lateral size is the same for both x and y directions where z is the growth
direction. This is assumption is reasonable as QDs are flattened when they are capped,
however in reality they are more circular in in-plane cross-section. The confinement
energy in a square potential well with high bamers is
E =
2 m * Û -
Eqn 5.5.1
where L is the width and n is an integer. Figure 5.12 shows the band energy and the 
structure of the square prism QD.
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n-2
n=l Î'
Figure 5.12 a) The diagram shows a QD of width L with three eigenstates and their 
corresponding values, b) The QD as a square prism with lateral size L%y and height
Ljj.
So the energy of the PL for the QDs can be calculated by first of all working out the 
energy for the conduction {E^ ) and valence band ( E^ , ).
= Eg + 7Zv +
J
+ 2m. Eqn 5.5.2
J
+
K^xy J
+ 2m ii Eqn 5.5,3
The PL energy is the difference between the conduction band and valence band energy so
Eg +
V ^ x y  J
/
+
\ ^ x y  J
+
K^Z \J^xy )
+
V
+
277%;.
Eqn 5.5.4
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Where = “V — V  the reduced effective mass (pi). As transitions between n and n'
niy Mq mil
are negligible when the integers are not equal then Epl simplifies to
r \72 V
y^xy j
+ n.
\ ^ z  J
Tv'^n^*772,. Eqn 5.5.5
For example for the ground state transition the equation would simplify to
Epr =Eg +
2 /  \ 2
+
T t V
+
\^Z  J
Tr'^h^*
772,. Eqn 5.5.6
772.- z j
Therefore the PL energy is affected by all stochastic variables Lxy, L%, and Eg (the latter is 
deteirnined by the composition, see Figure 5.9).
The energy separation between intraband levels is calculated similarly to the PL energy 
and so using the energy foimula for the two states in the conduction band, it is possible to 
calculate which variables affect the energy spread for the FIR.
\2
^xy y
+ 772,
\2
V^xyj
+
\ ^ z  J
{ ' \2
\^xy )
+ 772,
J
+ 72, TPf?$2m„ Eqn 5,5.7
If the vertical size Lz is small compared with the lateral size Lxy the two lowest states are 
[1,1,1] and [2,1,1] (or [1,1,1]). Optical excitation between these states is allowed by light 
polarised in the x (or y) direction, and the transition energy is given by
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2 ^-1 ^
+
\ ^ x y  J
+
\ ^ z  J \ ^ x y  J
+ 1
\ ^ x y  J
\2
+ Ti^h^2mî
^xy ;
3
L x y  2/72g
2m,
Eqn 5.5.8
Therefore it can be seen from Eqn 5.5.8 that the intraband energy, within a crystal 
system, depends only on the lateral size of the QD, and not on either Lz or Eg (which, as 
already mentioned is deteimined by the composition).
5.6 Experiment
There were two samples that were used in the experiments, refeired to as A and B. Both 
A and B are InAs/GaAs self assembled QDs, which are unannealed and annealed (750°C) 
respectively. The samples were grown using MBE at low growth rate (0.01 monolayers 
per second for InAs layer) and the dots were capped with a lOnm layer of GaAs, at 
Imperial College London [Muixay 1999].
The experiment is a new technique which uses a free electron laser (FEL) to probe the 
intraband transition, and a red He:Ne laser (633nm) to pump the interband transition. The 
technique is analogous to the optically detectable cyclotron resonance (ODCR) 
experiment described above except that in ODCR the FIR radiation excites the inter 
Landau-level transition and reduces the PL efficiency in the ground state. In this 
experiment however the FIR probes the transition between spatially confined states in the 
conduction band and thus reduces the PL efficiency.
The sample is placed in a cold finger of an Oxford Instrument Microstat (helium flow 
cryostat) that has a ZnSe and a KRS-5 (thallium bromide/iodide) window. The ZnSe 
window has a transmission range is 600nm-21 p^ m^'^ ystran.co.uk therefore is used to 
transmit the red He:Ne (633nm) and PL radiation (0.95jiim to 1.2jxm).The KRS-5 window 
transmission range is and is therefore suitable for the FEL radiation.
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which is set so that the FIR radiation range is 10pm to 30pm. The He:Ne laser has an 
energy of approximately 2eV and the measured intensity is measured to be 0.4Wcm^, 
which excites electrons into the continuum.
The sample is placed face down on a copper heat sink that has a pinhole. The pinhole is 
used as an alignment aid so that the He:Ne is known to coincide with the FIR. The copper 
heat sink with the attached sample is then screwed onto the cold finger of the Microstat in 
vacuum, which was then carefully lowered into the Microstat. The Microstat is then 
pumped and cooled to 4K. The first step was to collect PL from the sample. The PL was 
achieved by shining a modulated He:Ne laser onto the epilayer of the sample. The PL is 
collected using a glass lens that collimates the light to another glass lens that refocuses 
the light into a 0.5m grating spectrometer just as for the ODCR experiment and detected 
by a cooled (77K) Ge p-i-n diode at the output port of the grating spectrometer. The 
detector risetime is fast enough to resolve the modulation effect of the macropulse (5Hz) 
by integrating the micropulse (IGHz), which cannot be detected individually. The signal 
from the detectors' a.c. output is then put through a lock-in amplifier, which is used as an 
aid to maximising the PL signal, though is not used for the ODER signal due to the very 
fast repetition rate of the FEL. The slits of the gi ating spectrometer are reduced in order 
to improve the resolution of the PL spectra.
151
Intraband spectroscopy of Gavin i.y As quasi-quantum dots and InAs quantum dots
pulsed FEL 
for FER probing
InAs/GnAs quaiitimi dot 
sanpie, on cold finger 
of He ciyostat
Cooled 
Ge pin 
detector
pinhole
Monoclnoinatoi
400mW/cni  ^c.w. HeNe 
for PL excitation
Figure 5.13 Experimental setup for ODIR
Once the PL has been maximised (L185p,m or 1046meV) the FEL is shone onto the 
substrate, at normal incidence to the sample, and the He:Ne (now unmodulated) is still 
directed at the same place. The grating spectrometer slits should be left wide open until a 
signal has been detected. The detector is used to record the measurement in such a way 
that it is possible to simultaneously measure the spectrum of both the PL and ODIR 
spectrum. This is achieved by using the a.c. and d.c. outputs for the ODIR and PL signals 
respectively while triggering on FELIX.
5.7 Resuits
5.7.1 Spectra of PL, ODIR (FIR-MPL), and fixed PL while sweeping the FIR 
radiation
The spectra of PL generated by a high and low intensity pump are shown in Figure 5.14
(a) and (b) respectively. The notation used for energy levels in the conduction band are 
El, E2 and E3 which refer to the ground state, the first excited state and second excited
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state respectively. A similar notation will be used to denote the valence band energy that 
are HI, H2, and H3 which refer to the highest valence band, next highest, followed by the 
next highest respectively. Therefore the lines seen by the PL are (El-Hl), (E2-H2), and 
(E3-H3) transitions. The PL spectmm under high excitation shows that the energy levels 
for EI-HI, E2-H2, and E3-H3 are 1046meV, 1114meV, and llSlm eV  respectively. This 
gives a separation of approximately 68meV between (El-Hl and E2-H2) and (E2-H2 and 
E3-H3).
By pumping the intraband transition with a fixed FIR photon energy ai'ound 68meV (i.e. 
the same as the peak separations in the PL) electrons are excited from the ground state to 
higher excited states, see Figure 5.14 diagram(c).
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Figure 5.14 a) PL spectrum of InAs/GaAs QD under high excitation, b) PL 
spectrum under low excitation. The FWHM of PL peaks are about 23±lmeV. c) 
FIR-MPL spectrum generated by low excitation laser in order to prevent the 
heating of the sample. All results were taken at 4K. The FWHM of PL peaks are
about 22±lmeV.
Figure 5.14 (c) shows that the FIR modulation causes a loss in the ground state of the PL 
but a gain in the two excited states. The FIR pumping electrons from the ground 
conduction band to the higher energy levels causes this. Due to the harmonic ladder (i.e. 
the very similar spacing of the levels) it is presumed that the excitation from the FIR 
causes the electrons to go to the second excited state instead of only the first. This is 
clearly shown by the fact that the second excited state has a larger change in PL.
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In the above experiment for MPL the assumption was made that H2-HI was negligible, 
in order to chose an approximate value of what the FIR energy should be to excite 
electrons from the ground state to further excited states. However having obtained an 
ODIR signal it was then possible to find what the true resonance of El, E2, and E3 are by 
sweeping the FIR energy and keeping the spectrometer fixed at the peak value of the 
ODIR signal (I046meV). The results of fixed PL energy with varying FIR are shown in 
Figure 5.15
FIR induced change in PL at 
fixed PL detection energy
1 -phonon
w
2-phonon 3-phonon
Sam ple A resonance 
centre = 55m eV 
FWHM = 22±1 meV
# '4 1  i i '  'i I
GaAs rest­
rain I en band
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o sample B
J  I I I I
40  80 120
FiR photon energy (meV)
Figure 5.15 Monochromator is fixed at the peak of the FIR-MPL energy (1046meV) 
while sweeping the FIR radiation from 40meV to 120meV. Note that there are two 
resonances one at 55meV and the other at llOmeV. Samples A and B are 
unannealed and annealed respectively.
Figure 5.15 shows results of the MPL at fixed PL energy of the lowest transition
(1046meV and I239meV), for samples A and B. The two maximum peaks of the MPL
for sample A are at 55meV and I lOmeV. These values correspond to the energy
separations of E1-E2, and E2-E3 respectively. The resonance for sample B occurs inside
the GaAs restrahlen band, but it is estimated to be centred at approximately 34meV.
Several authors (e.g. Heitz 1997) have reported that in conventional PL excitations peak
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in the absorption occur at multiples of the phonon energy above the detection energy. The 
phonon energy for dominant 3D confined InAs phonon is 32.6meV, with small 
contributions possible ft'om the InAs wetting layer and bulk GaAs at 29.6 and 37.6meV 
respectively [Heitz 1997]. The aiTows along the top edge of Figure 5.15 mark the 
multiple (1-, 2-, and 3-) phonon energies for these materials. The resonance of 55meV 
lies between the one- and three- phonon energies, and no sign of two-phonon peaks was 
observed. In any case such an effect would have neither the polarisation selection rule 
observed, nor the possibility of phonon emission (at 4K) to enhance the PL of the excited 
states as described above, and therefore it was concluded that the MPL signal does not 
arise from the absoiption of phonons.
As the PL (PLi and PL2) energies and the energy separation of E1-E2 are known the hole 
energy separation between HI and H2 was calculated to be 13meV, see Figure 5.16.
 E2
PL,
:55meV
PL, PL2 -PL1
=ô8meV
•H, A.H2 t^3meV
Figure 5.16 Schematic representation, of the calculation of the energy levels.
There is also a hint of another resonance at 1 lOmeV, which is the energy separation 
between the second excited state and the giound state. This is much weaker as excitation 
from El to B3 is not parity allowed. By using the same principles to work out the level 
separation for (H1-H2) it is possible to work out the level separations for (H2-H3), which 
gives 14meV. Similar calculations for sample B is difficult to quantify due to larger 
uncertainties in the measurements.
It can be seen from Figure 5.15 that the FWHM peak in the ODIR as a function of FIR 
photon energy for sample A is around 23meV. This is the same as the FWHM peaks of
156
Intraband spectroscopy of GavIni-yAs quasi-Quantum dots and InAs quantum dots
the PL and ODIR for sample A. The three results of the energy spreading are giouped 
together so that the causes of the broadening mechanism of the QDs spectra can be 
analysed. Figure 5.17 shows four possible scenarios. The following discussion gives an 
explanation for each of the diagiams.
(a) There are fluctuations in lateral size (Lxy) but not in composition (Eg). Note: there is a 
very small fluctuation in Eg in the diagi'am as otherwise there would be a straight line. 
In this case the FWHM of the modulated PL is far too small and so is the FWHM of 
the resonance when the FEL is swept. Therefore this does not explain experimental 
results.
(b) There is no fluctuation in Lxy, however Eg and height of dots (L%) do vary. Therefore 
the modulated PL can be explained using this scenario though the FIR induced 
change in PL at fixed PL detection energy resonance cannot be.
(c) When all possible fluctuations in dots are of similar contribution (i.e. height, lateral 
size and composition) the theoretical outcome is closer to the experimental results 
than the previous two scenarios. However the broadening of all spectra are not large 
enough and therefore cannot be solely deteimined using this theory, as the broadening 
is larger in all theoretical results. Therefore some other energy is needed to resolve 
the reason for the broadening.
(d) The final diagi’am shows the actual outcome of the experimental results obtained. 
From the data collected there must be a further energy that affects the broadening in 
the results.
Calculations shown in Figure 5.18 show that tlie FWHM of the MPL spectra can
never equal the PL width. If it could then the line would have to reach the top right
hand comer. To acliieve the result, wliich is graphically depicted in Figuie 5.17
diagram (d). there has to be some otlier mechanism otherwise there is an energy 
difference of around 9meV.
It is possible to speculate what would happen to these calculations in certain other, 
(bettei) appioximahons. For example we have assume that the wells aie infinite in our 
simple model of the energy levels Eqns 5.5.1-8. The PL E2H2 was measured to be 
about SOOmeV below tire wetting layer PL, but if E2 were near the top of the
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Figure 5.17 Contour plot showing 4 possible scenarios. Scenario d) is the outcome
that best fits the data presented.
confining potential it would be insensitive to fluctuations in width or composition.
This would make the interband transition El HI more sensitive to width than the 
intraband transition E2E1, and the slope of the stripe on Fig 5.17a would reduce. On 
the other hand the slope of the stripe on Fig 5.17b would increase. In effect the two 
fluctuations would become even less orthogonal, and it is still impossible to reproduce 
Figure 5.17d. Other improvements in the model such as 14 bands, realistic shapes, 
strain, piezo-electricity all would have the same basic property that the interband 
energy separation is very sensitive to both size and composition, but the intraband 
energy separation is much less sensitive to composition.
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Figure 5.18 The FWHM of the MPL spectra can never equal the PL width, and 
therefore there has to be some other mechanism necessary to overcome cause the 
additional energy needed to explain results.
The analysis presented shows that broadening seen in FIR-MPL, PL and MPL at fixed PL
energy cannot solely be attributed to fluctuations in QD size and potential depth changes.
There must be at least a third mechanism to explain the broadening in all three results. To
explain the required 9meV it may be necessary to be looking for a combination of effects,
which may explain the difference. The four most likely candidates when combined are
exciton binding energies, wavelength overlap, state occupancy and In roughing. Indeed
results showing a reduced FWHM for the annealed sample B would suggest that In
roughing is indeed a cause for the increase in spectrum broadening. The spread in exciton
binding energies is between 3-4meV [Lelong 1996a, Lelong 1996b, Adolph 1993,
Warburton 1998, Fry 2000] and so it is unlikely to be solely responsible for the
broadening. Small separations between QDs in the sample can cause e-h pairs to couple
with adjacent dots via wavefunction overlap or via coulomb interactions. The strength of
the interaction depends on the separations. The third possibility suggested is state
occupancy. As not all the QD states are filled evenly various discrete levels may have
more (or less) earners in certain states. The uncertainty in level filling causes discrepancies
between each QD as some earners within each level will have different charges.
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5.8 Summary
Using an optical delay and looking at the decay of the TRODCR it was possible to find 
the lifetime of earner tiansitions in the quasi QD. The results obtained showed that the 
earner lifetime per a Landau level is of the order of Ips -  2ps. This compares very well 
with the data previously recorded for InAs/AlSb quasi quantum dots [Murdin 1999] for 
intraband separation of lOmeV. However further wavelength measurements are required 
to deteiTnine the phonon bottleneck. Unfortunately due to time restraints put on the FEL, 
and a more advanced experiment to deteraiine the transitions in a quantum dot, only one 
wavelength was measured.
The second experiment was a new technique that explains how charges relax down the 
QD ladder of quantised levels. In explaining these processes an extra debate has been 
thrown up in regards to the inhomogeneous broadening that is seen in quantum dots. In 
the analyses of these results we have been able to measure not only the energy of the 
interband levels but also the energy separation of both the conduction sublevels and the 
valence sublevels within a dot simultaneously. This has led to the electron and hole 
confinement energies being calculated to be approximately 4:1. The results have shown 
very well defined PL lines, which appear due to high excitations and these are from 
conduction band levels with successively increasing in-plane quantum number.
The far infrared resonance observed is due to the bound-bound transitions within the QD 
and not due to the suiTounding material (GaAs). By comparing the FWHM of the PL, and 
of the double resonance at fixed FIR or PL frequency we aie able to show that the cause 
of inhomogeneous broadening is not purely due to size or well depth fluctuations. In 
attempting to answer the question of what mechanism is responsible for the broadening 
we have given four possibilities though we cannot be conclusive. This work lays the 
foundations to more experiments that will be required in order to find all the processes 
involved behind the inhomogeneous broadening.
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6.1 Conclusion
The results presented in this thesis haye coyered inter- and intraband earner dynamics.
We haye studied both III-V and Pb chalcogenides material systems in order to show their 
possible potential use in future emitters in the MIR range. The effects of bandstructure 
engineering by higher confinements haye been studied to show which processes dominate 
and whether certain non-radiatiye processes (defects, Auger and phonon) can be 
suppressed.
Comparisons between theory using Fenni statistics to accurately show the processes 
inyolyed in bulk InSb lasers compared well with experimental results for bulk InSb and 
InSb/Ino.9 0 4Alo.o9 6Sb QW lasers. Furtheimore it has been shown that at high temperatures 
(150K) there is a clear suppression in Auger for lOQW samples. The QW samples haye 
shown that there were a large number of defects in the QW deyices and therefore better 
growth and bandstructure are necessary to oyercome this if similar interband 
semiconductor lasers are to work at higher temperatures. Further results for 121QW 
sample haye shown that this is a superlattice structure and therefore can be used to 
compare bulk and QW samples.
The effect of Landau confinement on a InAs/AlSb QW sample, and bulk and 121 
quantum well InSb based laser diodes were used to look for phonon bottlenecking in 
highly confined structures. The results for the QW sample obtained from pump probe and 
cyclotron saturation experiments showed a clear suppression in the cooling of earners 
from lO 'V  to lO^V^ when Landau leyel separation was not resonant with LO phonon 
energy. When a bulk laser diode was placed in a magnetic field (0-5T) to produce a quasi 
quantum wire an enhanced differential gain and reduced Auger recombination lowered Lh 
by 30%. From this work the laser was set to a constant cunent of 40mA and the light 
output was recorded. This result showed many peaks in the light output which occuned 
when the LO phonon energy was a multiple of the Landau leyel separation. This showed 
for the first time eyidence of the phonon bottleneck in a working laser deyice. Further 
eyidence of the effect was obtained by placing a 121 QW in a magnetic field so that it
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acted as a quasi QD. The results showed an oscillation feature which may be due to the 
LO phonon bottleneck effect.
A new three-beam pump probe experiment was used to inyestigate interband 
recombination. The extra beam (reference) was shown to enhance the signal to noise ratio 
of the results when compared to the older two-beam pump probe technique results. The 
results obtained below 200K and aboye earner density threshold for PbSe showed that 
stimulated emission was dominant with a earner lifetime of 50-100ps. Howeyer aboye 
200K Auger recombination dominates. Comparisons between PbSe and theory for non­
parabolic near-miiTor bands and non-degenerate statistics were in good agreement. 
Comparison of PbSe with MCT measurements showed a reduction in Auger coefficient 
of 1-2 magnitude of comparable bandgap.
A new experimental technique called time resolyed optically detected cyclotron 
resonance, was used as a precursor to finding the earner dynamics within a quantum dot. 
The relaxation time, for the Gao.8 2Ino.i8As/GaAs Landau QD, of l-2ps showed good 
agreement with results for InAs/AlSb Landau QD for energy separation of lOmeV. From 
the Landau QD we moyed to the case of a spatial QD using an ODIR experiment. In the 
analyse it was possible to measure the energy separation of the interband leyels and 
conduction and yalence subleyels within the dot simultaneously, therefore the electron 
hole confinement energies were calculated to be approximately 4:1. Using the double 
resonance technique it has been shown that the inhomogeneous broadening of the 
photoluminescence spectrum is not purely affected by just size and composition of dots. 
Therefore there are clearly other processes such as state occupancy. In roughing and 
exciton binding energies, which could account for the extra energy.
6.2 Further work
In both InSb bulk and InSb/Ino.9 0 4Alo.o9 6Sb lOQW lasers the window deyices did not lase. 
This preyented obserying whether or not Auger dominates below threshold at a giyen 
temperature. FurtheiTnore InSb/Ino.9 0 4Alo.o9 6Sb 20QW window deyices did not work and 
therefore results need to be obtained for these. Future measurements could measure new
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material systems such as InNxSbi.x, and deyice structures. Such a material system has 
shown that increasing the nitrogen content in this system dramatically changes the 
bandgap with strong band gap bowing occuning at low nitrogen leyels. Also it would be 
interesting to compare the experimental results with theoretical results for temperatures 
less than 77K and for QW deyices. Spontaneous emission results could be obtained from 
the side of the deyice using Pb chalcogenide fibre which would remoye scattered 
stimulated emission. Furthermore using a fibre it would be possible to obtain results for 
spontaneous emission in a magnetic field. This should show the benefits of reduced 
dimensionality and so domination by radiatiye recombination at higher temperatures 
should be seen.
Pump probe measurements to look at the recombination coefficients of the QW lasers 
could giye results on how the SRH coefficient yaries as a function of temperature. This 
should also giye conclusiye eyidence that defects within the QW deyices are more 
dominant than that of the bulk deyices.
Results obtained from the I21QW deyice in a magnetic field showed many features, 
which were hard to explain due to its complex structure. Therefore it would be necessary 
to do similar measurements on a simpler deyice in order to interpret accurately these 
results.
Further TR-ODCR measurements are required to complete the data on the phonon 
bottleneck work. Photoluminescence excitation spectroscopy could be additionally used 
for this experiment so earners are pumped to the required leyel rather than way up into 
the conduction band before relaxing. This would giye a more accurate yalue for the 
earner lifetime.
The ODIR experiment might be expanded to include Pb salts QDs where the broadening 
in the PL has been reduced by using a many-layer QD sample^ to produce regular QDs. 
Instead of using ODIR techniques the bandstructure can be analysed using 
photoreflectance techniques which could be earned out with a FTIR spectrometer.
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Further work should be earned out with the ODIR technique on the InAs/GaAs QD to 
look further into state occupancy. This could be achieyed by only exciting a select 
amount of QDs, which could be obseryed by a yisible microscope. An optical fibre would 
be used to collect the ODIR signal.
t Springholz, G., Pinczolits, M., Mayer, P., Holy, V., Bauer, G., Kang, H.H., Salmanca-Riba, L., Phys. Rev. 
Letts, 84(20), 4669, (2000)
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Appendix 1 - Fabrication of lasers
The material is gi'own using Molecular Beam Epitaxy (MBE) at DERA Malvern. We 
then sliced the material into wafers, which for the fabrication of one set of samples are 
cleaved into pieces that are Icm^. The material is then stuck epilayer down to a larger 
piece of Si using M.S. glue. The piece of Si is only used as a earner to protect the 
material during the fabrication process. The material and Si earner (MASC) is then 
placed in an oven so that the glue sets. It is left for 1 hour in the oven (90°C) and then 
washed in isopropanol (IPA) and acetone. The MASC is then placed in buffered HF, 
which is 50ml of demineralised (demin) water to 2ml of HF, to remove oxidation. It is 
important to place the MASC into the sputterer as soon as oxidation has been removed to 
coat the substrate in Au. The sputterer has to first bombard the substrate with ions to clear 
any impurities from the surface. The next step is to coat the substrate with Cr so that the 
Au is more easily applied and therefore less is wasted. Ni will probably supersede Cr as it 
has a lower boiling point. This means that the sputterer is not so close to its temperature 
limit and results in a more even coating for the Au to be deposited on. Once the substrate 
is coated in Cr, Au is evaporated on to the substrate. The Au is used to make the neutral 
contact of the device. The MASC is then removed from the sputterer so that the mesa can 
be formed on the epilayer.
The material is removed from the Si earner using acetone and then IPA. The material is 
flipped over so that the sample is now glued substrate down onto the Si earner. The 
MASC is then transfeiTed to the oven to be baked, so after one hour the glue has 
hardened. The MASC is then removed from the oven and placed on a spinner. The 
spinner holds the MASC in place using a weak vacuum. A few drops of photoresist are 
dropped on to the epilayer and the spinner is switched on, at a rate of 6000ipm. After 30 
seconds the spinner is stopped and the MASC has an even coating of photoresist roughly 
1.5pm thick. The MASC is then taken to a hot plate that has a temperature of 90°C, so 
that the photoresist hardens. After 5 minutes the MASC is transfeired to an exposure 
machine.
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The exposure machine consists of an ulti*aviolet (u.v.) source. The u.v. causes the 
photoresist to react and therefore when placed in developer the photoresist is removed. It 
is necessary that only certain pails of the photoresit are affected by the u.v. and so a mask 
is placed in between the u.v. and the MASC. The masks used for fabrication are made 
fi*om glass that has an opaque pattern specifically designed for certain stages of the laser 
fabrication. The first mask used has five opaque lines, each line separated by 700pm and 
being of 100pm and 4mm in width and length respectively. The mask can be easily and 
accui ately adjusted using the microscope and mask aligner of the exposure machine. The 
mask needs to sit flat on top of the device so that tire u.v. cannot expose the photoresist 
underneath the opaque lines. The technique used, to know when the mask is flat with the 
sample, is to look for interference fringes. The interference fringes to look for are the 
ones in the outer comers of the sample. The mask should at this point be as close as 
possible to the sample but not touching. If it is touching the interference fringes will form 
in the comers. If the mask is not flat to the sample the interference fringes will appear in 
some of the comers but not in others. Once the sample and the mask are perfectly ahgned 
to one another the MASC is lifted higher so that the sample and mask make contact. The 
U .V . source is tumed on for ten seconds causing the exposed photoresist to break down.
The MASC is then taken from the exposure machine to be placed in a developer until the 
photoresist that has been exposed to the u.v. is rinsed away. The end result of the process 
is five lines of photoresist on the epilayer of the material, see Figure A.I.
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Figure A.1 Five lines of photoresist left behind on the material after being washed in
developer.
The developer is then washed off the device using demineralised water. The photoresist 
still left is to protect the material underneath from the powerful erosion effects caused by 
HF acid. The MASC is placed in the HF buffer (CNHF), consistmg of 2ml HF acid, 50ml 
of demineralised water, 8ml nitric acid and 50ml of lactic acid. The solution has an etch 
rate of 2pm/minute and therefore the MASC is taken out after 3 minutes so that the mesa 
of approximately 6pm high is created. The solution is then washed off the MASC using 
demineralised water, therefore stopping any further erosion. The next step is to check 
whether the mesa is in the range of 5-6.5pm. The check is carried out using a surface 
profiler, which measui es the height of the mesa by touching the sample with a probe. The 
typical result of the measurement is shown in Figure A.2.
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Figure A.2 Surface profile of etched sample, showing the future mesa of the laser.
If the mesa is larger than 6.5pm then the etching has gone too far and the above process 
would need to be started again. If the mesa were less than 5pm then it would need to go 
back in to the etchants until a minimum of 5pm is etched. Figure A.2 shows trenching, 
which is caused by acid getting trapped in the edges and therefore etching more of the 
material away. The photoresist is removed from the top of the mesa by washing the 
MASC in acetone and IPA. The MASC is pacified using an anodisation solution called 
ammonium phosphate, which prevents the sample from oxidising. The MASC is 
submerged in the solution and an electrolytic needle is placed on top of the sample, the 
other electrode is left in the solution close to the sample. A voltage of 13.5V is put across 
the two electrodes for 3 minutes. After 3 minutes the voltage is tumed off and the sample 
is removed from the solution and washed under demineralised water. This removes the 
Au from the Si carrier but not the substrate of the material. Before repeating the 
procedure photoresist is placed around the edges of the material so that there are no air 
gaps between the Si carrier and the material, otherwise Au may accidentally come away 
from the substrate. The MASC is then placed into HF buffer for a few seconds to remove 
the anodisation solution and rinsed in demineralised water, this does not effect the height 
of the mesa. The material is anodised a third time and rinsed under demineralised water 
leaving the material with an anodised coating.
The next stage of fabrication is to put windows in the metalisation on top of the mesa. 
Again the sample is put on the spinner and a few drops of photoresist are placed on top.
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The spinner is switched on at 4000rpm for thirty seconds. It is then placed on a hot plate 
of 90°C for 5 minutes. This process is carried out again to get a thicker coating of 
photoresist and then placed on the exposure machine. The mask used for the windows has 
five opaque lines 80pm wide and 4mm in length which are placed perpendicular to the 
ridges. The same procedure applies for the u.v. exposure as before. When photoresist has 
been exposed to the u.v. again the MASC is put in developer and then washed in 
demineralised water. The material now has five mesa etched on it and on each mesa 
transverse lines of photoresist 80pm wide and 4mm in length.
The sample is then placed in the sputterer for one hour while SiO] (silicon dioxide) is 
formed on the surface. The SiO] protects the sides of the mesa and is also good for 
holding the Au contact. The layer thickness of the SiOi is -0.4pm. The MASC is taken 
out of the sputterer and then washed firstly by THF and then acetone and IPA. The 
washing removes the photoresist leaving grooves on top of the mesa.
future vindow 
1Lü"tJ
Figure A 3 Schematic diagram of future laser device as viewed from the side.
The next step is to have several small windows on the mesa instead of the one large 
window at present. The procedure of the photoresist is exactly the same as the procedure 
previously. An area parameter mask with an opaque square area of 5mm^ is used. The 
MASC is exposed to u.v. for 60 seconds and then placed in developer and washed in 
demineralised water. The MASC is then put back on the u.v. exposurer and the 
previously used five line mask is put over the top. The u.v. source is switched on for 50 
seconds. Again the MASC is placed in developer and washed in demineralised water. 
The MASC is then placed on the exposure machine. Two further exposures are carried 
out on the MASC, so that overall two masks give opaque squares of width 80pm and
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length of 10pm, which are separated 10pm and 700pm in the vertical and horizontal 
directions respectively. These opaque squares are lined up so that they fit on the five lines 
of photoresist, see Figure A.4. The sample is then exposed to u.v., and developed and 
washed in demin water.
^  ►100 pm
lOpm^
80pm
Figure A.4 Second masking stage in order to put windows of 80pm wide and 10pm
in length.
The sample is placed in the sputterer for a Au coating, which will be for the positive 
contact. Again the sputterer is pumped down to a vacuum of 10’^  torr and the sample is 
then cleaned using the ion beam. A coating of Cr is placed on to the MASC followed by a 
coating of Au. The MASC is then taken from the sp utterer. The MASC needs to be 
washed so that the photoresist is removed leaving windows in the mesa. The washing 
process consists of five steps. First the MASC is washed with THF using an air pen. The 
MASC is then placed in a dish of acetone and left to soak for 5 minutes. The dish is then 
taken to an ultrasonic vibrator that removes the photoresist and also separates the sample 
from the Si carrier. The samples are then washed in acetone and IPA and dried using a N2 
gas gun. The device is inspected under the microscope to look for any photoresist that 
may not have been removed by the ultrasound. If the photoresist has been successfully 
removed from the sample then the sample can be scribed. The scribing is performed at 
the edges of the sample, but is not scribed on the mesa otherwise this would damage the 
device. Once scribed the devices are cleaved so that there are six bars of five devices, 
each having a cavity length of 650pm.
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A bar containing five devices was glued using silver loaded epoxy onto a ceramic earner 
that is coated in gold except for the middle, where it divides the earner into two parts for 
negative and positive terminals. Gold wires are then bonded onto one of the devices' 
mesas to be the positive top contact. There are three gold wires connecting to the positive 
teiminal, this is to prevent the wires taking too much cument through them, which could 
result in bum out. The negative and positive teiminal wires of the cryostat are then 
soldered to respective contacts of the ceramic earner.
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Appendix 2 -  Device Details
III-V EPITAXY : InSb/InAISb GROWTH
Run No ADJ441
Recipe LED
Date 03/09/97 Assignment Y51
Contact ADJ Room M346 Ext: 4588
Substrate
Material InSb
Supplier Wafertech
Doping T«-2el7
Code ISB431
Slice #5
Orientation (100)
Block IFl
Growth Commente
Request Ref: 
Standard Laser
Layer Structure
Layer No Material Thickness Zompositioi Doping Repeats Tg
15
14
13
12
11
10
9
8
7
6
5 InSb + Si 1/xm 1ÔE+19 Tt + 35°C
4 InSb + Be O.lftm 5.0E+18 Tt + 35°C
InAlSb + Be iôôÀ 15% 5.0E+18 Tt + 35°C
2 InSb 3/im undoped Tt + 35°C
1 InSb + Si 3/im 3.0E+19 Tt + 35°C
Substrate
InSb growth rate (^m/hr) 0.5
AlSb growth rate (ml/sec)
Sb:In ratio 1.60:1
1 7 6
III-V EPITAXY ; InSb/InAlSb GROWTH
Run No ADJ531
Recipe Ternary
Date 08/10/98 Assignment Y51
Contact ADJ Room M346 Ext: 4588
Substrate
Material InSb
Supplier J Beswick
Doping Sn
Code M107
Slice #42.5mm
Orientation ( l l l ) A
Block Inl
Growth Comments
Request Ref:
MQW Laser 
Also mounted InSb (100)
Layer Structure
Layer No Material Thickness Zompositioi Doping Repeats Tg
15
14
13
12
11
10
9 InGaSb + Si 1/im 4.86% 3el9 Tt + 75°C
8 InAlSb + Be 0.1/rm 5.43% 5.0E+18 Tt + 75=C
7 InAlSb + Be 2Ô0A 20.43% 3el8 Tt + 75°C
6 InAlSb 0.5/xm 5.43% undoped Tt + 75“C
5 InAlSb 100 A 9.60% undoped 121 Tt + 75°C
4 InSb 65 A undoped 121 Tt + 75'C
3 InAlSb 100 A 9.60% undoped Tt + 75°C
2 InAlSb O . S f i m 5.43% undoped Tt + 75°C
1 InGaSb + Si 4fim 4.86% 3el9 Tt + 75°C
Substrate
InSb growth rate (ftm/hr) 0.5
AlSb growth rate (ml/sec) 0.021
Sb:In ratio -1.5:1
1 7 7
I ll V EPITAXY : InSb/InAlSb GROWTH
Run No ADJ583
Recipe Ternary
Date 04/02/99 Assignment Y51
Contact RHB Room K F I 106 Ext: 6427
Substrate
Material InSb
Supplier Wafertech
Doping T e3el8
Code ISB478
Slice #7
Orientation ( 1 0 0 )
Block IF3
Kmwrth
Request Ref:
MQW Laser on InSb - 10 wells
Layer Structure
Layer No Material Thickness Zompositioi Doping Repeats Tg
15
14
13
12
11
10
9 InAlSb + Si 1/xm 5.6% 3el9 Tt + 35"C
8 InAlSb + Be 0.1/tm 5.6% 3el8 Tt + 35°C
7 InAlSb + Be 200A 20.6% 3el8 Tt + 35°C
6 InAlSb 1.413/tm 5.6% undoped Tt + 35°C
5 InAlSb 100 A 9.60% undoped 10 Tt + 35°C
4 InSb 65A undoped 10 Tt + 35°C
3 InAlSb 100 A 9.60% undoped Tt + 35°C
2 InAlSb I.413/xm 5.6% undoped Tt + 35°C
1 InAlSb + Si 4/im 5.6% 3el9 Tt + 35°C
Substrate
InSb growth rate (/im/hr) 0.5
AlSb growth rate (ml/sec) 0.024
Sb:In ratio -1.52:1
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III-V EPITAXY : InSb/IiiAISb GROWTH
Run No ADJ591
Recipe Ternary
Date 01/03/99 1 Assignment Y51
Contact RHB Room KFI 106 Ext: 6427
Material InSb
Supplier Wafertech
Doping T e3el8
Code ISB483
Slice #39
Orientation ( 1 0 0 )
Block 1F3
Request Ref:
MQW Laser on InSb - 40 wells
cture 11 '' i, ”
Layer No Material Thickness ]ompositioi Doping Repeats Tg
15
14
13
12
11
10
9 InAlSb + Si l#m 5.6% 3 el9 Tt + 35°C
8 InAlSb + Be 0.1/xm 5.6% 3 el8 Tt + 35“C
7 InAlSb + Be 200A 20.6% 3el8 Tt + 35°C
6 InAlSb 1.165/xm 5.6% undoped Tt + 35°C
5 InAlSb lOOA 9.60% undoped 40 Tt + 35°C
4 InSb 65À undoped 40 Tt + 35°C
3 InAlSb lOOA 9.60% undoped Tt + 35=C
2 InAlSb l.I65jum 5.6% undoped Tt + 35“C
I InAlSb + Si 4jum 5.6% 3 el9 Tt + 35°C
Sujbstrate ’ y - -
InSb growth rate (/ixm/hr) 0.5
AlSb growth rate (ml/sec) 0.024
Sb:In ratio -1.50:1
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Appendix 3 -  PIP Settings
Temperature (K) P I D Gas flow (%)
9.5 0 0 0 99.9
10 20 0.3 0 80.7
80 10 0.8 0 31.2
150 8 0.9 0 0
330 6.5 1 0 0
Table A.1 PID settings for the closed cycle cryostat.
N.B. Table A.l settings are from a collection of test data presented by Oxford 
Instmments for the CCC. The stability of the temperature is within ±0.1K.
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